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ABSTRACT 
Measurements are reported of premixed hydrogen-air 
turbulent burning velocities, made by the double kernel 
method during explosions. Turbulence was created by four 
high speed fans driven by electric motors within the 
explosion vessel. This arrangement created a central 
region of uniform, isotropic turbulence in which. all 
measurements were made. 
The ratio of turbulent to laminar burning velocity 
correlates well with both the turbulent Reynolds number of 
the reactants and the ratio of laminar burning velocity to 
r. m. s. turbulent velocity. The use of hydrogen-air 
mixtures has extended the data on premixed turbulent 
combustion to r6gimes with higher values of the last 
dimensionless ratio. At high values of the ratio there is 
evidence of a wrinkled laminar flame structure, but at 
lower values a small scale eddy structure seems to be 
dominant. 
A two eddy theory of turbulent combustion is 
presented. This rests-upon the assumption, supported by a 
good deal of experimental evidence, that two scales of eddy 
are particularly important. One'is associated with the 
integral scale of turbulence, the other with the Kolmogorov 
microscale. It is assumed that all the material in the 
large eddies is used in the formation of the smaller dissip- 
ative eddies. It is assumed that laminar flame propagation 
occurs through the large eddies, whilst two approaches are 
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considered in the case of dissipative eddies. In the 
first approach, laminar flame propagation across a vortex 
tube is employed, whilst in the second the concept of 
reaction time in the vortex tube is used. 
It is shown that the rate of burning in small eddies 
can be many times greater than that in large eddies. 
Theoretical values are obtained for the ratio of turbulent 
to laminar burning velocity, in terms of turbulent Reynolds 
number and the ratio of laminar burning velocity to r. m. s. 
turbulent velocity. These are in fair agreement with 
experimental values, but more data are required on the 
intermittency and chemical lifetimes of small eddies. 
Experiments are reported on the effect of turbulence 
upon flammability limits. These are narrowed as 
turbulence increases, but counter-action may be taken by 
increasing the spark iginition energy and by establishing 
the initial flame in a shielded region where the turbulence 
is reduced. The relevance of the theory to these results 
is discussed. 
Finally, the application of these findings in 
practical combustion chambers is discussed. 
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1.1 GENERAL INTRODUCTION 
Practical combustion usually Involves turbulent 
flames as, for example, in petrol and diesel engines, 
gas turbine and ramjet combustion chambers, and gurnaces, 
Turbulent flame propagation is also an important feature 
of'explosions in both mines and buildings. There is now 
a widely recognised need for fundamental research into 
this mode of combustion, in support of current efforts to 
improve the fuel economy, combustion intensity and exhaust 
emissions of all types oý combustion system. Unfortunately, 
the structure of turbulent flames and the processes 
governing their rate of propagation are not readily 
amenable to theoretical analysis. Although the basic 
features of laminar flame structure and propagation are 
clearly understood, no comparable understanding of turbu- 
lent flames has yet been achieved. Improvement, through 
experiment and theory, of the understanding of premixed 
turbulent flames is the prime aim of the present work. 
Qualitatively, the effects of turbulence upon 
combustion have been known for many years. Mallard and 
Le Chatelier (1) noted that turbulence increased both 
energy transfer and flame surface area and also formed new 
centres of inflammation. Effectively, they were 
anticipating three different models of turbulence combustion 
and also implying that no single one of them would be 
comprehensive. Historically, models for turbulent flames 
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have lagged behind conten)porary understanding oX isothermal 
turbulence in non. -reacting systems, The latter, in turn, 
has been conditioned by the degree of sophistication of the 
available experimental techniques for turbulence studies. 
Most early studies of turbulent flames were directed 
towards an understanding of flame propagation in a spark 
ignition engine and these have been reviewed by Wheeler (2). 
Pressure records were obtained, sometimes flame speeds were 
measured, but no attempts were made to deduce labouratory 
values of turbulent burning velocity. Since then many 
measurements have been taken on burners and in explosion 
vessels. 
The advent of the laser Ddppler anemometer in the 
last few years is helping to give a better understanding 
of the structure of turbulence and its role in combustion 
(3). 
Although much research has been done on the nature 
of turbulent combustion, no simple theory has yet been 
established which adequately describes the burning processes. 
This may be explained by the extreme complexity of these 
processes, in which the chemical reactions are complicated 
and are associated with spatially and temporary varying 
temperatures, concentrations and velocities. 
A completely analytical theory of turbulent 
combustion might be developed by extensions of the 
statistical theory of turbulence to include fluctuations 
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of temperature, species coneentxat&on, ye1Oc&ties and 
chemical reaction rates. Several years ago both yon 
Kärmän (4) and Hawthorne (5) recommended this type of 
approach, but as the statistical theory has not yet 
reached the stage where it predicts isothermal time 
averaged quantities, it cannot be extended to include 
chemical reactions. Flame propagation is governed by 
the conservation equations for global mass, species and 
energy. These equations along with appropriate chemical 
rate data have been used to predict the burning velocity, 
temperature and composition profiles for laminar flames 
with reasonable accuracy (6,7). However, for turbulent 
conditions if the conservation equations include terms for 
all the fluctuating quantities and then are expanded, 
various double and triple correlations arise. It is not 
surprising that attempts to solve the equations have 
resorted to the. various priori assumptions needed to close 
the conservation equations (8-10). 
Apart from the works of Prudnikov (11,12), 
Raushenbakh et al (13) and Predvoditelev (14,15) which 
retain some aspects of statistical nature of turbulence, 
the remaining analytical predictions of the turbulent 
burning velocity, ut, result in grossly oversimplified 
relationships. The various approaches have been reviewed 
by Andrews, Bradley and Lwakabamba (16). More recently 
Bray and Moss (17) have developed a model for. premixed 
turbulent flames. They assumed that combustion occurs 
through a global, one-step, irreversible chemical reaction. 
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They also used a probabj. lity density function and obtained 
time-averaged values of thermodynamic-variables within the 
flame. These variables were 'then used, along with 
conservation equations derived from the exact equations 
of turbulent reacting flow to establish a set of equations 
for the flame. If a probability density function based 
on concentration is assumed, these model equations form a 
closed set, which provide a complete description of time- 
averaged mean and fluctuating properties. This model 
has been developed further by Bray and Libby (18) to 
predict flame speed and structure. 
1.2 MEASUREMENTS INVOLVING FAN-GENERATED TURBULENCE 
The observation of free flame propagation in a 
closed vessel obviates the complications of flame 
stabilisation. The use of such vessels fitted with a fan 
was pioneered by Schlbesing and de Mondesir-in 1864 and 
their work formed the basis for Mallard and Le Chatelier's 
(1) observation of enhancement of the rate of flame 
propagation due to turbulence. The creation of 
turbulence by fans in closed vessels has several 
advantages over its creation in continuous flow systems. 
Semenov (19) has shown that if four identical fans are 
symmetrically disposed within a closed vessel and rotated 
at the same speed a central region exists of uniform 
isotropic turbulence. Pre-pressure period flame 
propagation occurs within this region, in which a fairly 
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spherical turbulent flame will propagate (19,20), it 
also offers good possibilities for detailed investigation 
of the structure of isotropic turbulence, ' in which there 
is no mean flow velocity, Thus the eddies will not have 
a convective velocity superimposed on them, which. might 
preclude detailed study of individual eddy lifetimes. 
In an explosion a single flame propagating through 
the unburnt gases facilitates a study of the flame structure 
without the complication of a fluctuating Ilame brush which 
occurs in stabilised turbulent flames. On the other hand, 
when hot wire anemometers are used to characterise the 
turbulence of the cold gas some problems arise due to the 
rectification of the velocity fluctuations by the hot wire 
(19-22), and these are demonstrated and discussed in 
Chapters 3 and 4 of the present thesis. 
Karpov et al (20) and Sokolik et al (23) used a 
nearly spherical vessel equipped with four stirrers driven 
by electric motors for the determination of turbulent 
burning velocities from pressure-time records and flame 
radius-time photographs. 
Another method of creating turbulence in a closed 
vessel has been used by Ohigashi et al (24). In this a 
screen rapidly moved magnetically across the closed vessel 
just prior to ignition, but this involves problems due 
to the different rates of turbulence decay across the 
vessel. A similar arrangement has been used recently by 
Iinuma (25), who concluded that the characteristics of the 
turbulence so generated was very complicated and could not 
be measured in detail. 
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Ono et al (2) have used 4 configuration of spur 
fans mounted behind your changeable perforated plates, 
which form four sides of the combustion chamber, with 
two windows to form the other sides. 
In the Mechanical Engineering Department; at 
Leeds University, Andrews C26) experimented with an 
apparatus similar to that of the Russian group but with 
the fan driven by air turbines, He measured turbulent 
burning velocities by both the double kernel method and 
also the flame speed-gas velocity method. He suggested 
that for isotropic turbulence, the ratio of turbulent 
to laminar burning velocity, ut/u, , could be correlated 
with the Taylor turbulent Reynolds number of the unburnt 
gas, R. , equal to u'X/v , where u' is the r, m, s, 
turbulent velocity, A is the Taylor microscale of 
turbulence and v the kinematic viscosity, 
Subsequently, Lwakabamba (27) used the same 
apparatus, and presented values of ut , for methane and 
ethylene-air mixtures. Arising from his results a 
secondary influence was suggested, in that values of ut/ut 
tended to be less at a given Reynolds number for those 
mixtures with a higher value of uz. 
1.3 THE PRESENT WORK 
To elucidate this last possibility, it was decided 
to measure turbulent burning velocities by the double kernel 
method for mixtures with significantly higher values of 
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laminar burning yelocity... than previously inyest, gated, 
For this reason, hydrogen-air mixtures, some oý which give 
high. values of uR , were used in the same apparatus, 
but 
the original air turbines were replaced by electric 
motors and the shaft sealing improved. 
The present study suggests that for isotropic 
turbulence, the ratio utfu& can be correlated with both. 
uQ/u' and the turbulent Reynolds number, RL, equal to 
u'L/v , where L is the integral scale of 
turbulence, 
Other workers' data, drawn from a variety of rigs, over 
a wide range of burning conditions, mixtures and 
turbulent parameters, correlate well with the proposed 
parameters and this is demonstrated in Chapter 5. 
The effect of turbulence on flame propagation 
limits was studied and cin6 schlieren flame photographs 
were used to examine the structure of turbulent flames. 
These revealed the importance of the small eddy structure 
as the turbulence increases. 
In Chapter 6, a two eddy theory of burning is 
presented, based on the experimental studies. The theory 
predicts the volumetric rates of burning in both large and 
small eddies, the burning velocity ratio ut/uj , and the 
flame thickness ratio dt/L . The theory gives theoretical 
support to the proposed correlations of the experimental 
data given in Chapter 5. 
Vina11y the current findings are app1; ýed tQ 
problems oý lean burning in gasoline engines in Chapter 7, 
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1.4 NOMENCLATURE 
L integral scale of turbulence 
R u'L LV 
U'X 
v 
uz laminar burning velocity 
ut turbulent burning velocity 
u' r. m. s. turbulent velocity 
6t turbulent flame thickness 
Taylor microscale of turbulence 
V kinematic viscosity 
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CHAPTER 2 
DERIVATION OF TURBULENT TRANSPORT COEFFICIENTS FROM 
TURBULENT PARAMETERS IN ISOTROPIC TURBULENCE 
2.1 INTRODUCTION 
Fundamental statements of the conservation equations 
for turbulent flow involve neither a length scale nor the 
concept of turbulent diffusivity, c. Nevertheless, 
because of the incompleteness of fundamental data, these 
concepts continue to be used both in experimental anemometry 
and in solutions of complex flow problems. 
In the computational solutions of those flow 
systems which involve the turbulent transport of energy, 
mass, and momentum, the associated transport coefficients 
are sometimes conveniently expressed in terms of the 
turbulent Reynolds number, Rh(1,2). This parameter also 
has been used in the correlation of data on turbulent 
burning velocities (3-5) and in the present studies. In 
this approach to turbulent flow it is important, therefore, 
to ascertain the interrelationship between turbulent trans- 
port coefficients and turbulent Reynolds number. In the 
present work this will be expressed through the employment 
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c 
of the ratio of turbulent diffusivity to kinematic viscosity, 
e/v, which is termed the turbulent transport number. The 
task is to find the relationship between the two 
dimensionless numbers. 
Initially, the relationship is sought for isotropic 
turbulence. The present state of theories of turbulence 
does not enable a theoretical relationship to be obtained, 
but many experimenters have derived values of e/v from 
measurements of flow in circular tubes which involve all 
three transportable quantities at different flow Reynolds 
numbers, Re. Also some measurements have been derived 
for flow between two parallel plates. This Chapter first 
reviews this work and then the measurements of turbulent 
parameters: macroscale, L, microscale, A, and r. m. s. 
turbulent velocity u'. These measurements enable RL, 
equal to u'L/v, at a given position, to be related to Re. 
From the interrelationships thus derived it is possible to 
express e/v as a function of RL. Hopefully, for isotropic 
turbulence, this is a unique relationship which is inde- 
pendent of the flow system. 
0 
2.2 THE RELATIONSHIP BETWEEN c/v AND Re 
2.2.1 Pipe Flow 
Many experimenters have shown, through the 
technique of hot wire anemometry, that the turbulence in 
the vicinity of the centre line of a circular pipe is close 
to isotropic (6-9). Figure 2.1 shows experimentally 
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determined values of cy/v in the radial direction for this 
region in developed flow, plotted against Re. Of these 
data points 58% are referred to by the original workers 
as being on the pipe axis and 89% are for a value of 
dimensionless rad1us of less than 0.1. Values are based 
upon mass, energy, and momentum transfer and the general 
scatter of the points obscures any tendency there might 
be for ey/v to depend upon which of the three quantities 
is being transferred. This is in line with recent studies 
carried out by Quarmby and Quirk (45). Table 2.1 summarises 
the techniques used for the measurements reported in 
Refs. (10-25). I 
Semi-theoretical values, of cy/v also have been 
derived from velocity profiles. For a long time there 
was uncertainty concerning the distribution of turbulent 
diffusivity for momentum in the core region of the pipe 
(22). The velocity distribution of Nikuradse implied 
that it fell to zero at the axis, but Reichardt (26) 
measured the velocity profile and proposed an empirical. 
expression for the distribution of eddy diffusivity of 
momentum. 
ey = (Kv/6)(1 - a2)(1 + 2a2) (2.1) 
where ey+ = cy/u*R, 
a is the radius ratio = r/R, 
Kv = von Kärm6n constant 
and u* is the friction velocity, given by (9, p. 31) 
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u=0.1 (Re) 
7/8 
R 
(2.2) 
With a value of Kv equal to 0.4 (26) Eqs. (2.1) and (2.2) 
yield 
ey/v = 0.00667 (Re) 
7/8 (1 - a2)(1 + 2a2) (2.3) 
and on the axis of the pipe (a = 0) this yeilds 
ey/v = 0.00667 (Re) 
7/8 (2.4) 
The equation appears as the straight line in Fig. 2.1. 
Brinkworth and Smith (23) modified Reichardt's 
expression by proposing alternative values for the con- 
stants. From their measured velocity profiles they obtained 
a value of Kv equal to 0.378. Their expression, for 
50,000<Re<350,000, yields 
cy/v = 0.0063 Re7/8 (1 - a2)(1 + 2a2) (2.5) 
and at the axis 
ey/v = 0.0063 (Re) 
7/8 (2.6) 
This equation appears as the broken line in Fig. 2.1. 
Further modifications to Reichardt's model have been made 
by Travis et al (27) and expressions given for ey/v across 
the pipe diameter. 
Powe et al (28) have used a somewhat different 
approach, which is based upon the equation of Laufer (7) 
for the Reynolds stress, üv, where u and v represent the 
axial and radial fluctuating velocity components, 
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respectively. For this purpose they employed the velocity 
profile expression given by Kays (29) for the central 
region, and that given by Longwell (30) for the wall region. 
Experimental data for these expressions were taken from 
Refs. 31 and 32. The turbulent diffusivity for momentum 
was obtained from the expression (33), 
-1 
cy =_ üv (äy) (2.7) 
in which U is the mean velocity component in the axial 
direction and y is the diptance measured in the radial 
direction. The three values of ey/v obtained in this way 
for the pipe axis from Ref. (28) are shown in Fig. 2.1. 
The figure shows that Eq. (2.4) agrees well with the 
experimental results. 
2.2.2 Parallel Plate Chanel Flow 
For fully developed turbulent flow in a parallel 
plate channel Laufer (44) was the first to. show, through 
the technique of hot wire anemometry, that the turbulence 
in the vicinity of the centre line is isotropic. Figure 
2.2 shows experimentally determined values of ey/v in 
the radial direction, for this region in developed flow, 
plotted against Rep, based upon the distance apart of the 
plates. Values are based upon mass, energy, and momentum 
transfer and the general scatter of the points again 
obscures any tendency for cy/v to depend upon the quantity 
transferred. Table 2.2 summarises the techniques used 
for the measurements reported in Refs. (20,46-48).. The 
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equation of the line through the points is 
ey/v = 2.67 X 10-3 (Re )1.028 (2.8) 
for 2.5 x 103 < Rep <6x 104 
2.3 THE RELATIONSHIPS BETWEEN MEASURED TURBULENCE 
PARAMETERS AND Re 
2.3.1 Pipe Flow 
These are shown in Figs. 2.3-2.5. Baldwin and 
Walsh (24) made hot wire anemometer measurements in 
developed turbulent air flow at the core of a 203 mm dia- 
meter pipe. The measured length scale was that of the 
Eulerian macroscale in the axial direction, Lx. The 
value of the transverse Eulerian scale in the radial 
direction, Ly, is one half of this value (34-36). Because 
the transport processes at present under consideration 
are in the radial direction, it is the value Ly that is 
used in the evaluation of the turbulent Reynolds number 
RL, in conjunction with the r. m. s. turbulent velocity 
for this direction, v'. 
Powe et al (8,37) have more recently used hot 
wire anemometry in turbulence measurements of air flow in 
a pipe of 305 mm. diameter, for all three directions. 
Length scale measurements were made only for one value of 
Re. In Mickelsen's (18) mass transfer studies hot wire 
anemometry was employed to measure r. m. s. turbulent 
velocity and Taylor microscale in the axial direction.. 
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In the work of Lawn (38) air was blown along a 
honed tube of 144.3 mm diameter and microscales were 
determined by hot wire anemometry for all three direction's. 
In the earlier work of Robertson et al (39), air was blown, 
at three different values of Re, along a 76 mm-diameter 
smooth pipe. The microscale of turbulence in the axial 
direction, aX, was measured in two ways: first, by the 
use of a differentiating circuit to give the time deriv- 
ative of the fluctuating signal and second, from the 
turbulent energy spectrum. The microscale in the radial 
direction, ay, shown in Fig. 2.5, was obtained from 
xy = aX 2-1 (35). 
Pike et al (40) used the laser Doppler shift 
technique to measure r. m. s. turbulent velocities in water 
flow in a pipe. The values obtained compared well with 
those from hot wire measurements in carbon dioxide, at 
the same Reynolds number. 
Figure 2.3 shows the variation with Re of the 
ratio of the r. m. s. turbulent velocity for the radial 
direction to the mean centre line axial velocity, v'/U, 
at the pipe axis. This relationship is expressed by 
Ü=0.087 (Re)-0.079 
for 104 < Re <7x 105 
(2,9) 
Figure 2.4 shows the variation of the ratio of 
the radial macroscale to the pipe diameter, Ly/d, at the 
pipe axis, whilst Fig. 2.5 shows the corresponding 
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variation for the radial microscale ratio, Xy/d. The 
latter relationship is expressed by 
ly 
= 0.097 (Re)-0.136 (2.10) d 
for 4x104 < Re <7x 105 
2.3.2 Parallel Plate Channel Flow 
Few measurements have been made in parallel plate 
channel flow when compared with pipe flow. Laufer (44) 
was the first to make a thorough study of turbulent 
channel flow. He employed hot wire acemometry to measure 
r. m. s. turbulent velocity, macroscale, and Taylor micro- 
scale for developed air flow in a 12: 1 aspect ratio 
channel. The Reynolds number range was 24,600 to 123,200 
and measurements were made for all three directions. 
Clark (49) used hot wire anemometry to measure 
r. m. s. turbulent velocity in air flow in a 12: 1 aspect 
ratio channel, with a suction system, for the Reynolds 
number range of 30,000 to 91,200. 
Hussain and Reynolds (50,51) and Acharya and 
Reynolds (52) have more recently employed hot wire ane- 
mometers to measure r. m. s. turbulent velocity for air 
blown along a turbulent channel with a relatively higher 
aspect ratio (18: 1) than'before. The range of Reynolds 
number used was 27,600 to 64,600. 
Figure 2.6 shows the variation with Rep of the 
ratio of the r. m. s. turbulent velocity for the radial 
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direction to the mean centre line axial velocity, v'/U, 
at the channel axis. The relationship may be expressed 
by 
Ü=0.109 (Rep)-0.137 (2.11) 
for 2X104 < Rep < 1.5x105 
Figure 2.7 shows the variation of the radial 
microscale to the channel width, Xy/yo, at the channel 
axis. The relationship between this and the Reynolds 
number may be expressed by 
y=9.726 (Rep)_O. 499 (2.12) 
0 
for 2X104 < Rep < 1.5x105 
It is easily shown from this equation and Eq. 
(2 , 11) that RAY and Rep. are related by 
Rxy = 1.06 (Rep)0.364 (2.13) 
for 2x104 < Rep < 1.5X105 
Figure 2.8 shows these results in the form of the 
variation of radial turbulent Reynolds number based on 
macroscale, RLy, at the channel axis, with the channel 
flow Reynolds number, Rep. 
2.4 THE RELATIONSHIP BETWEEN RL AND R, FOR ISOTROPIC 
TURBULENCE 
The macro and micro scales are not independent 
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variables, but are interrelated. From a consideration 
of the steady state turbulent energy balance, in which 
the energy dissipation rate in isotropic turbulence is 
equated to the rate at which the large eddies supply 
energy it can be shown (3,35), that 
A 
40 RAy (2.14) 
where RXy = v'ay/v and A is a numerical constant of order 
unity. 
Values of Ly/ay were obtained from the full line 
curves in Figs. 2.4 and 2.5 for values of Re in the range 
4x 104 to 7x 105. - Values of RXy were calculated from 
the data of Figs. 2.3 and 2.5 for different values of Re 
and the relationship between the two Reynolds numbers was 
found to be 
RXy = 8.42 x 10-3 (Re) 
0.785 (2.15) 
for 4x 104 < Re <7x 105 
This is also the equation of the line shown in Fig. 2.9. 
These data enabled an experimental relationship 
to be obtained between Ly/ay and RXy. 
4 for 10 < Rý < 350 
Yy 
This was found to be 
(2.16) 
and is shown by the full straight line in Fig. 2.10. If 
this relationship is of general validity, irrespective of 
the mode of turbulence generation, it should apply also 
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for other isotropic flow systems. 
From measurements of grid generated turbulence 
Dryden (41) previously has proposed a value of 48.64 for 
the denominator on the right hand side of equation 
(2.16). However, the present author is grateful to 
Mr. N. Gat (53) for pointing out that this value is 
erroneous, and that the origin of the error lies in the 
omission of a factor of two in Eq. (17.2) of Ref. 
(41). When this is corrected the relationship becomes 
x 24.32 
Y 
for RXy > 10 (2.17) 
and this is shown by the broken line in Fig. 2.10. The 
"y" direction is again that transverse to the flow. Also 
shown in this figure are experimental points in the regime 
29 < RXy < 74 obtained by Uberoi and Corrsin (42) in 
studies of grid generated turbulence in a wind tunnel. 
Two experimental points are shown for higher values 
of Reynolds number, from the data of McQuivey and Richardson 
(43) on water flow in an open channel. These are for a 
position at half the depth; hot film anemometry was 
employed, but turbulence fell short of complete isotropy. 
Three experimental points are shown from the measurements 
of Laufer (44) on the flow of air at the centre line of a 
rectangular duct. These measurements give rather higher 
values of Lyjay than do those of Ref. (42). Also shown 
in this figure are experimental points obtained by Comte- 
Reibt and Corrsin (54) in studies of grid generated 
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turbulence in a wind tunnel. In general, the experimental 
results of Refs. (37,42-44,54) give support for Eq. (2.16). 
The results of Ballal and Lefebvre (55) on grid 
generated turbulence in a combustion chamber, are also 
shown in Fig. 2.10. They indicate both a large scatter 
and also higher values of Ly/Xy than have been obtained 
previously. In the calculations of the length scale, Ly 
these authors have used an erroneous expression, top 
equation on p. 221 in Ref. (55), in which u'2 is missing 
from the denominator. In discussions with the present 
author and Dr. D. Bradley, Dr. Ballal (56) suggested that 
the printed values in Ref. (55) are Ly/2 and not Ly, 
due to a mistake in a computer programme. Accordingly, 
in the calculation of data for, Fig. 2.10 from that of 
Ref. (55) values of Ly were taken to be twice those given 
in the reference. 
The present author has no explanation for the 
discrepancy between these results and those of other 
workers but would opine that Eq. (2.16) is reasonably valid 
in view of its closeness to the measurements of the other 
workers on a variety of rigs. 
It is easily shown from this equation that the two 
turbulent Reynolds numbers are related by 
Rxy = 6.5 RLyS for 10 < RXy < 350 (2.18) 
Also it is easily shown from this equation and 
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Eq. (2.7) that RLY and Re, at the axis of pipes, are 
related by 
RLy = 1.67 x 10-6 (Re) 
1.57 (2.19) 
for 4x104 < Re < 7x105 
2.5 THE RELATIONSHIP BETWEEN e/v AND RL FOR ISOTROPIC 
TURBULENCE 
In the light of the good agreement, revealed in 
Fig. 2.1, between Eq. (2.4) and the experimental points 
for all three transfer processes, this equation was com- 
bined with Eq. (2.19) to yield the following relationship 
between turbulent transport number and turbulent Reynolds 
number: 
y= 11 RLy56 for RLy > 100 (2.20) 
Insufficient data are available to establish comparable 
relationships for the other orthogonal directions. 
Equation (2.20) was applied to the parallel plate 
channel flow, using the only available measured point from 
the data of Ref. (46), in the range of RLy > 100. The 
value of RLY obtained in this way is plotted in Fig. 2.8. 
This also shows a good agreement with the directly 
measured values of RLY made by Laufer (44) and is an 
indication that Eq. (2.20) is independent of the flow 
system. 
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In the computational methods developed by Spalding 
and coworkers for turbulent flow an effective viscosity, 
ueff is employed (1). The value of this is related to 
turbulent parameters through the use of a function, C 
With p as the density of the fluid, the value of paff, 
which is equal to pe, is given by 
Pc ` ueff 22 pkL Cu (2.21) 
in which, k, the turbulent kinetic energy is given by the 
sum of the three components of energy: 
k -1 (u'2 + v'2 + w'2) (2.22) 
A consideration of these relationships for isotropic, 
turbulence and the "y" direction gives 
Cuy = 1.5-0.5 
e- 
Ry (2.23) 
and from Eqs. (2.20) and (2.23) 
Cuy 9.06 RL0.44 > 100 (2.24) 
2.6 CONCLUSIONS 
(1) A survey of experimental results shows a similar 
correlation between ey/v and Re at the axis of pipes 
and parallel plate channel, for mass, energy and 
momentum transfer. This is given by Eq. (2.4) for 
pipe flow and Eq. (2.8) for parallel plate channel 
f low. 
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(2) A survey of turbulence measurements at the axis 
shows the r. m. s. turbulent velocity to be related to 
centre line velocity by Eq. (2.9) for pipe flow and 
Eq. (2.11) for parallel plate channel flow. The 
Taylor microscale is related to the diameter by 
Eq. (2.10) for pipe flow and related to the channel 
width by Eq. (2.12) for parallel plate channel flow. 
(3) For isotropic turbulence a new relationship is 
proposed between Ly and ay. This is given by Eq. 
(2.16). 
(4) It is proposed that for isotropic turbulence, the 
turbulent transport number and turbulent Reynolds 
number are related by 
-y - ii RLY for RLy > 100 v 
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TABLE 2.1- Pipe Flow Techniques for Experimental 
Determination of ey/v. 
(MA) indicates mass, 
transport. 
(MO) momentum, and (E) energy 
Reference No. Technique 
10 (MA) CO2 and H2 diffused into air flow. 
11 (MA) Water soluble dye injected into water. 
12 (MA) Water soluble dye injected into water. 
13 (MA) Natural gas injected from pipe along 
pipe axis. 
14- 16 (MA) Central pipe supply of CO and H9; R 
olutioi diffusing into air. KC1 
diffusing through water. 
17 (MA) Small central point source injected N20 
into air. 
17 (MO) Velocity profiles by pitot tube. 
18 (MA) Helium diffused into air flow in large 
pipe. 
19 (MA) NaCl solution diffused from point source 
into water flow. 
20, 21 (MO) Measurement of pressure gradient and 
velocity distribution in air. 
22, 23 (E) Temperature distribution in preheated 
water measured with thermistors. 
24 (E) Central line source of heat, of varying 
size, in air. Radial temperatures 
measured with thermocouples. 
25 (E) Temperature distribution of air. 
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TABLE 2.2 Parallel Plate Channel Flow Techn'iques for 
Experimental Determination of 
_ey/v. 
Same notations as -Table 2.1. 
Reference No. Technique 
20 (MO) Measurement of pressure gradient and 
velocity distribution in air. 
46 (MA) Water vaporisation from wall. Air, C02, 
and helium also used. 
47 (E) Temperatures of the upper and lower 
surfaces of channel maintained at con- 
stant, but different, values. Temper- 
ature distribution of air stream 
ascertained from resistance of a short 
length of platinum wire. 
48 (E) Upper plate maintained at a higher 
temperature than lower one. Measurement 
of temperature distribution in air. 
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2.7 NOMENCLATURE 
A numerical constant, (see Eq. (2.14) 
Cu a function for determining treff' (see Eq. 
(. 2.21)) 
d pipe diameter 
k turbulent kinetic energy 
Kv von Kärmän constant 
L Eulerian macroscale of turbulence 
Re pipe flow Reynolds number 
RL turbulent Reynolds number based on macroscale, L 
t time 
R turbulent Reynolds number based on microscale, A 
u fluctuating axial velocity 
u' r. m. s. turbulent axial velocity 
U mean velocity component in axial direction 
v fluctuating radial velocity 
v' r. m. s. turbulent radial velocity 
w' r. m. s. turbulent velocity in third orthogonal 
direction 
y radial coordinate 
yo channel width 
e turbulent diffusivity 
A Eulerian Taylor microscale of turbulence 
ueff effective viscosity 
v kinematic viscosity 
p density 
c/v turbulent transport number 
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Subscripts 
p parallel plates channel flow 
x axial direction 
y radial direction 
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CHAPTER 3 
APPARATUS AND EXPERIMENTAL TECHNIQUES 
3.1 INTRODUCTION 
In this Chapter, the basic apparatus and techniques 
used throughout the investigations are described. Only 
brief descriptions are given in those instances where com- 
prehensive details are available elsewhere (1,2). 
3.2 EXPLOSION VESSEL AND FANS 
The vessel has been-described in detail by 
Hundy (1) and Andrews (2). It consisted of a cast-steel 
305 mm diameter cylindrical explosion vessel, 305 mm long 
and with 150 mm diameter windows in each end. These 
windows were fitted with schlieren quality glasses, 25.4 
mm thick. They were concentric with the end plates, in 
order to study the whole flame during its pre-pressure 
period. A view of the vessel is shown in Fig. 3.1. 
Four identical eight bladed fans were symmetric- 
ally positioned at 90° intervals around the central circum- 
ference and at 450 to the horizontal. Andrews (2) designed 
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the eight blade fans which, were machined from a solid 
block of aluminium. Each blade was inclined at an angle 
of 300 to the axis and was 50 mm wide, with inner and 
outer edges radiused to 90 mm and 140 mm respectively. 
The mean diameter of each fan was 147 mm and when they 
were all mounted in position they gave a central 
experimental region of 178 mm diameter. 
Each fan originally was designed to be driven 
separately by a GAT IAM 1/8 horsepower air turbine with 
valves for independent speed control of each turbine, by 
means of a pressure regulator and flow controller. The 
air supply was from the departmental mains and, for higher 
fan speeds, air at higher pressures was drawn on a blow 
down system from large tanks in the laboratory. The fan 
speed was measured with a magnetic transducer and six 
symmetrical slots in the fan shaft. With this system the 
minimum stable speed of the fan was 500 r. p. m., whilst 
the maximum speed was 5,000 r. p. m. for very short periods 
or 4,000 for more sustained running. 
Hydrogen and methane at low pressure were chosen 
for some of the experimental work for the reasons given in 
Chapters 1 and 4 respectively. The use of hydrogen and low 
pressure methane mixtures necessitated improved shaft sealing, 
in the form of Leybold Rotary Transmission units, type F65K. 
These comprise a combined vacuum sealing disc and ball 
bearing housing. The improved sealing necessitated a 
higher power to drive the fans, because of the increased 
46 
resisting torque of the seal. The original air turbines 
therefore were replaced by one horsepower d. c. motors 
(3), the speed of each of which could be independently and 
accurately adjusted via a four channel speed control unit 
supplied by Acel Systems Limited. The electric motors and 
fans were mounted to the vessel as illustrated in Fig. 3.2. 
The control system comprised four independent 
motor speed control units, utilising thyristor control of 
the armature current and mounted within a wall mounted 
control cabinet. On the front panel of the cabinet were 
independent stop/start controls for each fan, together 
with a "mains on" and "motor running" lamps and four speed 
control potentiometers. The feedback control voltage was 
drawn from the armature back e. m. f. 
In an explosion, increased pressure at the outside, 
remote circumferential face of the seal resulted in the 
seal being pressed tightly on to the shaft and this 
created excessive resisting torque. This was ameliorated 
by venting the remote side of the seal to atmosphere via 
a plastic tube. 
The speed control range for these motors was 
between 200 and 10,000 r. p. m., but because of the resisting 
torque of the seals the maximum possible speed of an 
installed fan was 4,000 r. p. m. This could only be maintained 
for short periods and a speed of 3,500 r. p. m. was the 
maximum possible for sufficiently long periods. It would 
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be possible to achieve higher fan speeds by removing the 
seals. 
The arrangement of the four fans within the 
vessel is shown in Fig. 3.3. The fans do not encroach 
into the central volume of the vessel, which spatially. 
is equivalent to the constant pressure period of the 
explosion, within which the experimental measurements 
were made. The space between adjacent fans allows the 
insertion of spark plugs, tulip, hot wire anemometers and 
ionisation probes. 
3.2.1 Ancillary Equipment 
3.2.1.1 Storage Tank 
A large pressure tank, of approximately 10 cu ft 
capacity, was used for the storage of gaseous mixtures. 
It was fitted with a multiway filling cork. This was con- 
nected to the calibration rig as described in Section 
3.2.1.5 , and the mixtures made 
in the tank were easily 
withdrawn into it. 
3.2.1.2 Spark Plug and Ignition Circuits 
The spark plug body consisted of a mild steel 
externally threaded tube as the outer earthed conductor. 
A central steel rod served as the high voltage conductor; 
this was supported and insulated from the outer tube by a 
nylon sleeve, and bonded with an epoxy resin to form a 
gas tight seal. The high voltage electrode was screwed 
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into the end of the steel rod. The earth electrode con- 
sisted of-a piece of stiff copper wire fixed to the outer 
steel tube between two threaded collars. The co-axial 
geometry was used to minimise electrical interference from 
the discharge circuit. A gap width of approximately 
1.0 mm was used in the measurement of turbulent burning 
velocities. For the double kernel technique two such 
spark plugs were used and these were placed 40 mm apart 
in the central region of the vessel. 
Two ignition circuits were used in the course of 
the experiments. The first circuit, unit (A), was designed 
to produce two sparks in precise synchronisation. The 
use of hydrogen mixtures with high burning velocities 
necessitated improved synchronisation of the two sparks. 
The two spark gaps were connected in series and were 
included in the same capacitive discharge circuit. This 
ensured that the two sparks formed simultaneously, for 
which a minimum voltage of 8 KV was necessary. The whole 
of the discharge circuit was enclosed in a shielded metal 
case, and the leads to the co-axial spark plugs were of 
co-axial cable to minimise the effects of electrical inter- 
ference. The discharge system was electrically earthed 
directly to the mains supply and insulated completely from 
the explosion vessel, which was earthed separately. 
The 0.05 pP capacitor bank was charged to 8KV from 
a D. C. high voltage generator to give a stored energy of 
1.6 Joules. A few turns of copper wire on a 25.4 mm 
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diameter ebonite former were inserted in the discharge 
line to increase the inductance of the circuit and hence 
the duration of the discharge, which has been shown in 
certain circumstances to facilitate ignition (4,5). When 
a 300 V pulse was applied to the primary coil of the pulse 
transformer, the high voltage induced at the secondary 
terminal caused electrical breakdown at the trigger gap, 
followed by the simultaneous breakdown of the two spark 
gaps. This ignition circuit is shown in Fig. 3.4. 
The second ignition circuit, unit (B), was a 
variable energy, variable frequency, ignition unit which 
produced a spark capable of igniting near-limit mixtures 
at high levels of turbulence. It was used throughout the 
investigations of the effects of turbulence upon ignition 
and propagation limits. The circuit is illustrated in 
Fig. 3.5. The three capacitors could be connected in 
several ways to give total capacitances of 1.5,3,4.5, 
and 6 pF, which, when charged to 2,000 volts, stored 
energies of 3,6,9, and 12 J, respectively. One of the 
four inductors could be connected in series with the 
capacitors to alter the discharge frequency. However, 
inductors of 2 and 16 pH were used for stored energies of 
12 and 3 J, respectively, in order to keep the spark 
duration the same. The-ignition spark was produced as a 
result of a discharge at an internal air gap, A, from a 
third electrode. 
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3.2.1.3 Pressure Transducer And Charge Amplifier 
A Kistler piezo-electric pressure transducer and 
a Kistler type 568 charge amplifier measured pressures. 
The transducer, previously used by Lwakabamba (3), was of 
type 701 H with a working range of 0-600 atmospheres and 
rise time of 6p sec. 
3.2.1.4 Hot Wire Probes 
The hot wire probes were of the standard DISA 
type, 55F31 and 55A35. These supported the wires which 
had been welded to the probes by a spot welding DISA 
micromanipulator with a binocular microscope. The 
tungsten wires used in the course of the work were supplied 
by Johnson Matthey Co Ltd. Their diameter was 5 pm and 
their aspect ratio, Lw/d, was 234. 
All of the hot wires were connected to the DISA 
55D01 constant-temperature bridge anemometer by a5 metre 
cable and were operated with an overheat ratio of O. B. 
For air flow calibrations a DISA type 55D90 calibration 
unit was employed. This produced a free air jet from an 
air pressure of 1.2 MNm 
2 
absolute. This was capable of 
producing the full calibration velocity range of between 
0.5 m sec-1 and 300 m sec-1. It was 
a 5: 1 velocity range at. the touch of 
calibration curve could either be rei 
on an X-Y recorder, or manually from 
a DISA 55D30 digital voltmeter. The 
possible to obtain 
a button and a 
corded automatically 
voltage readings on 
probes were mounted 
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so that their axis was parallel to the jet. 
The turbulence in the explosion vessel'is 
characterised by the absence of a mean flow velocity. 
The relationship between voltage and velocity for a con- 
stant-temperature anemometer is non linear. If the r. m. s. 
turbulent velocity, u', is large and if, the mean velocity, 
U, is small, fluctuations of'voltage do not correspond 
linearly to those of velocity (15). In mean flow systems 
it is assumed that if u'/U is greater than a few percent 
reliable quantitative measurements cannot be obtained 
unless the wire signal is linearised. Obviously, in the 
present application linearisation of the signal was vital. 
A DISA 55D10 lineariser was used, with facilities for 
different velocity exponents. Figure 3.6 shows a typical 
calibration curve for a wire calibrated with velocity 
exponents, of 0.435,0.450,0.500 and 0.556. No value 
of exponent gave a perfectly straight calibration line,: 
but with an exponent of 0.5, the recorded signal became 
almost linear with velocity for values greater than 0.8 m 
sec-1. Linearity was not possible in the velocity range 
of less than 0.8 m sec-1 due to the influence of natural 
convection. The effect of non-linearity of the calibration 
curve is discussed in detail by Bedr and Chigier (6). 
However, the error involved in assuming a linear relation- 
ship in the present vessel was small. The concurrent 
detailed investigations of McMahon (7) have shown it can 
be neglected, and velocity exponent of 0.5 was used 
throughout the work reported'in the thesis. 
52 
The DISA 55D10 lineariser has an output of 
0-10 volts for a given calibration velocity range. 
Alteration of this range easily could be achieved by 
adjusting the lineariser gain control. Thus the lineariser 
could also be used as an amplifier. Typical linearised 
velocity fluctuations in the vessel with the fans running 
are shown in Fig. 3.7 (a and b). Clearly the fans pro- 
duce intermittent turbulence. If the lineariser gain was 
set too high then velocity fluctuations could overshoot 
the range, cut off, and result in an underestimation of 
the measured components. This is shown in Fig. 3.7(c). 
In quantitative determinations of u', the lineariser gain 
setting and exponent were maintained at the same value for 
the calibration and the measurements in the vessel. 
3.2.1.5 The Tubular Calibration Rig 
A 12.7 mm bore copper tube of 800 mm length was 
adopted for use as a second calibration rig to operate at 
different pressures with various gas mixtures and for 
lower velocities than could be measured with the DISA 
calibration rig. Gas velocities ranged from zero to 
approximately 5m sec-i at atmospheric pressure. 
This rig was similar to that used by Andrews, 
Bradley and Hundy (8). The required gas mixture from the 
storage tank, or air from the atmosphere, was drawn along 
the tube via a buffer tank of 0.5 m3 capacity to a vacuum 
pump. The volumetric flow rate was measured by a positive 
displacement gas meter of the Baird and Tatlock wet type. 
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Gas temperatures were always equal to the ambient values. 
The gas velocity transverse to the wire was 
deduced from the known laminar velocity profile in the 
tube and the volumetric flow rate. For the fully developed 
profile, the velocity at the centre line is equal to twice 
the mean flow velocity (9). The variation of gas velocity 
along a wire of length 1.17 mm, centred on the tube axis, 
was less than 0.9%. Care always was taken to ensure that 
the flow was fully developed and that the wire was centred 
on the tube axis. 
In both rigs, the wire was mounted, and adjusted 
by eye, to be normal to the flow. The wire was positioned 
at the centre of the tube, by traversing the wire radially 
until the maximum reading on the DISA 55D30 D. C. digital 
voltmeter was obtained. A diagram of the calibration flow 
system is shown in Fig. 3.8. When air was used it was 
drawn directly through the gas meter from the atmosphere, 
and regulations of the pressure and flow, rate were made 
by valves C and D. When gas mixtures were drawn from the 
storage tank, valve B maintained the pressure in the meter 
constant at one atmosphere. Readings were taken only when 
conditions were steady. Appropriate gaseous mixtures 
were prepared in the storage tank as described in 
Section 3.2.1.1. 
Air was replaced by nitrogen where necessary in 
order to avoid flammable mixtures and any possibility of 
explosion due to ignition at the hot wire. The system 
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also was purged initially with nitrogen. 
To check the accuracy of the-rig a wire was 
calibrated in both this and the Disa rig with air and 
good agreement was obtained over the range 0.8 to 5m 
sec-1, as shown in Fig. 3.9. The calibration of a hot 
wire at low velocities (less than 1.5 m sec-1) is shown 
in Fig. 3.10. 
3.3 ANEMOMETRY MEASUREMENTS 
The determination of turbulent parameters requires 
the measurements of u' and either the macroscale, L or 
the Taylor microscale, X. Karpov et al (10), Semenov 
(11), Andrews (2), Ohta et al (12) and Ono et al (13), 
have investigated fan turbulence in closed vessels. The 
present cold turbulence investigations in the vessel were 
in collaboration with McMahon (7) and only a part of the 
results are reported in this thesis. 
3.3.1 Measurements of The Degree of Isotropy 
Karpov et al (10), Semenov (11) and Ohta et al 
(12) first showed the turbulence created by a symmetrical 
arrangement of fans in a closed vessel was isotropic. 
Isotropy simplifies the investigation of the structure 
of turbulence and the degree of isotropy created by the 
present arrangement of the fans has been investigated by 
Andrews (2). Essentially this involved determination of 
the correlation between two mutually perpendicular 
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turbulence velocities, u and v at a point. The correl- 
ation coefficient Ru v 
is related to the Reynolds stress 
UV. Ruv is defined by (14) 
ug 
ü 
u2 'V 
(3.1) 
For isotropic turbulence it will be zero, because of the 
random nature of the velocity fluctuations in all directions. 
The experimental arrangement used by Andrews (2) 
is shown in Fig. 3.11. A DISA 55A32 45°X hot wire probe 
was used for this, with linearised voltage conversion of 
the two signals by a DISA 55DiiO lineariser, with a 
velocity exponent of 0.45, for each wire. For turbulence 
measurements in the plane of the two wires one wire 
responds to (u+v) and the other to (u-v), (15). The 
signal applied to a first DISA 55A06 random signal indi- 
cator and correlator sums and subtracts the two signals 
to yield the products 2u and 2v and these were correlated 
by another 55A06 correlator to give Ruv. Most of the 
results were within the Ruv band +0.05 for a distance of 
80 mm either side of the vessel centre and for fan speeds 
up to the maximum value of 4,000 r. p. m. This low value 
showed the turbulence to be isotropic. 
3.3.2 Measurements of R. M. S. Turbulent Velocity, u'r 
With the configuration of fans used there was no ' 
mean velocity of flow and the conventional concept of the 
relative intensity of the turbulence was meaningless. 
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The r. m. s. isotropic turbulence velocity, u', was measured 
with a DISA 55F31 miniature hot wire probe. The signals 
were processed by a 55D01 anemometer and 55D10 lineariser. 
Under more conventional conditions where the main 
stream velocity is larger than the amplitude of velocity 
fluctuation, the output signal of a hot wire anemometer 
includes both a time mean d. c. voltage component and an 
a. c. voltage component with positive and negative values 
about a time mean zero base at the d. c. voltage value 
(Fig. 3.12(a)). The r. m. s. turbulent velocity in such a 
case is easily determined from the a. c. component of the 
anemometer output by, for instance, a. DISA r. m. s. volt- 
type 55D35. meter, 
On the other hand, for the turbulent flow field 
of the present studies with no time mean approach flow, 
the hot wire was incapable of indicating the direction of 
flow, and the velocity fluctuations were effectively 
rectified. The output wave form is that of the rectified 
signal for a mean flow system (Fig. 3.12(b)). Thih 
signal includes a time mean d. c. voltage component, D, 
which was measured with a DISA type 55D30 d. c. digital 
voltmeter, whilst the r. m. s. value of the a. c. 'voltage 
component, a,, about the pseudo d. c. voltage, D, (Fig. 
3.12(c)) was measured with a DISA type 55D35 r. m. s. 
voltmeter. 
The true r. m. s. voltage, E=  uý (3.2) 
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, where the equality sign signifies 
"measures". The a. c. 
voltage component, a is defined by 
aý (u- D)2 
+72 (3.3 ) 
Also, by definition, ü =. D 
Then 
a= u2 - D2 (3.4) 
Then, from Eq. (3.2), the voltage, E, corresponding to the 
effective r. m. s. velocity to which the wire responds is 
given by (10,16) 
E_ (D2 + a2) (3.5) 
In systems with mean flow, the effect of the 
fluctuating turbulent velocity at right angles to the 
mean flow can be negligible (15). This is shown as 
follows: 
The instantaneous component along the axis of the 
wire W+w, has no effect, and the wire responds to (15) 
Ueff = {(U + u)2 + v2} (3.6) 
In'the present vessel, where there is no mean flow, 
U=0. The turbulence is isotropic, namely, u' = v' = w'; 
and it is clear that in. this case the wire responds to 
Ueff = {u2 + v21 
1 
(3.7) 
This result was also obtained by Semenov (11) in his 
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analysis of fan turbulence in closed vessels. Thus the 
calibration linked to "E" gives the "apparent" r. m. s. 
value of fluctuating velocity, ua, which parameter was 
used by Lwakabamba (3) directly measured in the vessel. 
uä = {u2 + v2} 
a {u2 + v2} 
= (2)' u' (3.8) 
Thus the true r. m. s. value, u', is (2)-1 times the 
apparent measured r. m. s. value. 
There was some heating of the gas by the rotation 
of the fans and according to Bearman (17), the relative 
error in the velocity measured by a hot wire anemometer 
due to this is about 1% for a temperature change of 1°C. 
When the temperature variation was more than this value, 
the cold resistance of the wire was measured at the new 
temperature in order to select a value of operating wire 
resistance to maintain a constant overheat ratio (18,19). 
This rested upon the assumption of constant gas transport 
properties. 
Horizontal and radial traverses of the wire (2) 
showed u' to be invariant with radius up to a value of 
70 mm at fan speeds of 500 r. p. m., and up to a value of 
50 mm for all fan speeds up to 4,500 r. p. m. The experi- 
mental arrangement is shown in Fig. 3.13. 
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3.3.3 Measurements of Scales of Turbulence, L and X 
Measurements of the integral scale, L and the 
Taylor microscale, X, are connected with the study of the 
relationships between velocity fluctuations in space and 
with time at a given point. These two scales were obtained 
by the following three'different methods. 
3.3.3.1 Two Point Velocity Correlation Method 
scaic 
The integral 
Aof 
turbulence, L was obtained by the 
rather tedious process of two point velocity correlation. 
A 55A06 correlator was used with linearisation of both wire 
signals for different separation distances. Figure 3.14 
shows the experimental arrangement. A correlation 
coefficient of unity was never obtained, possibly because 
of interference effects between the two wires at small 
separation (20). Neither was a coefficient of zero obtained 
at'the largest possible separation within the homogeneous 
region of turbulence. The lowest value was 0.03, which 
was also obtained when one wire was removed from the vessel 
and immersed in an independent gas jet. The value of L 
was obtained by dividing the area under the correlation 
coefficient-separation curve between the maximum and 
minimum values of the coefficient by the differences 
between these values. A probe holder was designed and 
constructed of steel to enable the two probes to be moved 
independently of each other. 
The Taylor microscale can be found by fitting a 
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parabola to the above two point velocity correlation 
curve, to pass through the points for small separation 
distances. Normally, this parabola would also pass through 
the point of correlation of unity. However, because such 
a coefficient was never obtained, the parabola was fitted 
to pass through the point of maximum observed correlation. 
The equation of the parabola becomes 
y2 A2 (1-Ry/Rymax) (3.9) 
where Rymax is the maximum observed correlation at a 
particular speed. The results are reported in Chapter 4. 
3.3.3.2 Autocorrelation Method 
The autocorrelation function is a measure of the 
similarity between a signal and a time-delayed form of 
itself. Thus the autocorrelation of the raw linearised 
hot wire signal should, on integration, yield an average 
time for the existence of a large eddy. Similarly the 
autocorrelation of 
du 
should yield an average time for 
the existence of the Taylor microscale eddies. 
The autocorrelation measurements for the present 
vessel were obtained by Andrews (2) with a Hewlett Packard 
Model 3721A correlator, which produces a plot of the 
autocorrelation function against delay time. The auto- 
correlation curve for u was integrated to obtain the 
integral time scale, Lt. Taylor (21) first showed that L 
and Lt could be related by: 
L=ULt (3,. 10) 
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If no mean flow exists, as in the present vessel, 
the assumption used by Semenov (11) and given by Tabaczynski 
(22), as U= u', for obtaining the integral scale, L, is 
used 
L C1 u' Lt (3.11) 
where C1 is a constant of order one. 
The Taylor micro time scale, at, was obtained by 
Andrews (2) by using both a DISA 55A06 Random Signal 
Indicator and Correlator and the expression (23) 
dt 
0.5 
at = u2 / idu) (3.12) 
and by assuming that at, is the time taken for the auto- 
correlation function of 
du to be reduced to zero. The 
experimental arrangement is shown in Fig. 3.15. Taylor's 
hypothesis (21) defines the relationship between A and 
at as: 
A=U 7ýt 
In both cases, A, was obtained from 
x=C2u' at 
where C2 is constant of order one. 
(3.13) 
(3.14) 
The results are reported 
in Chapter 4. In the present work the values of C1 and 
C2 were taken as unity. 
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3.3.3.3 Power Spectral Density Method 
The structure of a turbulent flow might be 
considered physically as a superposition of a large number 
of eddies with different sizes and angular velocities. A 
more detailed picture for the description of turbulence 
can be obtained from considerations of the distribution of 
energy. High frequency fluctuations of velocity might be 
regarded as associated with small eddies and low frequency 
fluctuations with large eddies. The frequency spectrum 
can be analysed with the aid of electric filters. 
The linearised output signals from the hot wire 
were filtered by a DISA D25 auxiliary unit and then pro- 
cessed by a Brüel and Kjaer audio frequency spectrometer, 
type 2112, of frequency range 22-4,500 HZ, in conjunction 
with an extension filter set type 1620, for analysis of 
frequencies below 22 HZ down to 12.5 HZ. These enabled 
the bare linearised hot wire signal to be separated into 
its various frequency components and each frequency band 
to be studied separately. Basically, the audio frequency 
spectrometer consists of an input amplifier, a filter 
system of band-pass filters and weighing networks, and an 
output amplifier. The bandwidth of the filters was 1/3 
octave throughout the present work. Fig. 3.16 shows the 
experimental arrangement. 
The power spectral density function or energy 
spectrum, E(n), at the centre frequency, n, is defined as 
the square of the output divided by the bandwidth. The 
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length scales L and A are related to E(n) and for conditions 
with mean flow the relationships are given by Hinze (14) as: 
L=U Lim 1 E(n) (3.15) 4 n-º0 U, 
2 
2 12nj do n2 E(n) (3.16) 
a2 
r 
U2 u'2 0 
I 
Taylor (21) defined a normalised power spectral density 
function F(n) by 
F(n) =E 
u 12 
(3.17) 
In the present vessel, since there was no mean flow and 
the velocity fluctuations were effectively rectified by 
the hot wire, as discussed in Section 3.3.2; the term 
u12 in Eq. (3.17) was replaced by the square of the velocity 
corresponding to the a. c. voltage component a (see Eq. 
(3.4)). Then substitute E q. (3.17) into Eqs. (3.15) and 
(3.16), and the assumption U= u', yield length scales 
given by 
L_ u' Lim F(n) (3.18) 4 n-*0 
2 ý2 
=2 
U'2 ö 
do n2 F(n) (3.19) 
The normalised power spectral density function F(n) 
satisfied the condition (14) 
M 
0 do F(n) =1 (3.20) 
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The values of L and X were calculated from Eqs. 
(3.18) and (3.19) and the results are given in Chapter 4. 
At the highest frequencies the r. m. s. output of the audio 
frequency spectrometer was only slightly higher than the 
inherent broadband noise of the output amplifier. All 
readings were corrected by subtraction of the level of 
this noise. 
3.4 OPTICAL SYSTEM AND PHOTOGRAPHY 
The work reported in this thesis centres around 
optical recording of flame propagation in a spark ignited 
explosion. Of major importance was the measurement of 
burning velocity and the relationship between flame prop- 
agation and flame structure in the initial stages of the 
explosion. The technique employed was that of schlieren 
high speed photography. 
Hundy (1) and Andrews (2) in their development of 
a suitable optical system studied the available optical 
techniques. Three techniques were selected: reflection 
plate schlieren interferometry, knife edge schlieren and 
wire diffraction schlieren interferometry. All three 
techniques used the optical arrangement shown in Fig. 3.17 
for the reflection plate, and a change from one system to 
another merely involved the appropriate insertion at the 
schlieren focus. For the purpose of flame front definition 
and quantitative investigations of flame structure, it was 
noted that the last of these was superior to the others. 
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But the other two techniques were easier to adjust and 
gave adequate definition, so they were used throughout 
the work reported in this thesis. 
3.4.1 Light Source 
In recent years, the use of lasers as light sources 
has become common (24-26). Some holographic applications 
have been reviewed by Soroko (27) and various workers have 
investigated different optical arrangements (28-30) and 
their application to refractive index gradient measure- 
ments (31,32). Three dimensional holographic interfero- 
grams of a diffusion flame have been obtained by Alwang 
et al (33). However, for the present requirements, 
Andrews (2) has concluded that holographic systems were 
unjustifiably complicated, but that laser light sources, 
in one of the three suggested optical systems, was 
satisfactory and simple to use (34-37). 
A Scientifica and Cook helium-neon portable 
laser (6328°A) was used with a power output of 3.0 mw. 
3.4.1.1 Laser Safety 
The safety precautions required in the use of 
lasers are given in a Ministry of Aviation publication (38). 
In the present work danger would arise only if the beam 
should accidentally be focused on the retina. This was 
unlikely, but care was taken not to look directly into 
the beam, or its reflections. Nevertheless, frequent eye 
tests were essential during the course of this work. 
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3.4.2 Schlieren Arrangement 
A diagram of the optical arrangement is shown in 
Fig. 3.17. The laser light was focused by a microscope 
lens placed directly in front of the laser. This focus 
was arranged to coincide with the focus of a large four 
inch diameter multicomponent lens and resulted in a four 
inch beam of parallel light. This passed through the two 
windows in the endplates of the cylindrical explosion 
vessel. An identical four inch diameter lens refocused 
the beam, either onto a knife-edge or a reflection plate, 
depending on requirements. 
4 
Accurate adjustment of the above system was 
imperative to obtain good results. All the optical devices 
were mounted on two one meter optical benches, positioned 
either side of the explosion vessel. The laser was 
mounted on a half meter optical bench of its own. After 
the beam had been aligned along both benches and through 
the centre line of the explosion vessel, the microscope 
lens was inserted and adjusted so that the enlarged beam 
passed through the first large lens. This was positioned 
to give a parallel beam of light by placing a plane mirror 
over the face of the lens and adjusting the lens position 
until the laser light was reflected back to focus at the 
microscope lens. Next, the windows of the vessel were 
aligned perpendicularly to the parallel beam of light. 
This was achieved by placing the plane mirror flat against 
the window and adjusting the angle of the first optical 
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bench until the light was again reflected back to a focus 
at the focus of the microscope lens. Finally, the second 
large lens was adjusted to be perpendicular to the parallel 
laser light using the same technique but altering the 
inclination of the second optical bench. 
3.4.3 Schlieren Interferometry 
The characteristic of schlieren interferometers 
is the very small shear between the interfering beams, 
instead of the large separation associated with Mach- 
Zehnder instruments. Also the shear always occurs after 
the single parallel light beam has traversed the optical 
inhomogeneity. With a laser source all parts of a plane 
and coherent wave front are identical, one beam can be 
inverted or rotated with respect to the other, as an 
alternative to being overlapped in any desired way, without 
detriment to fringe legibility and Tanner has reviewed 
some of these possibilities (39). 
Since an unperturbed part of the wave front can 
be folded over that part which traversed the inhomogeneity, 
no separate reference beam is necessary; all that is 
required is a method of folding the wave at the schlieren 
focus in order to obtain interference fringes. This has 
been achieved by shearing the wave front with a reflection 
plate, by which means interference occurs between light 
waves reflected from the front and back surfaces of the 
reflection plate (24,40-43). The simplicity of this system 
and the possibility of obtaining quantitative interferograms 
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led to the adoption of this method of visualisation for 
explosion flames in the work of Hundy (1) and Andrews (2) 
and its continued use in the present work. 
Experimental and theoretical details of this 
method have been fully discussed by Hundy (1). Consid- 
eration of the geometrical optics of the system yields an 
expression for the separation of those rays in the test 
section which interfere in the image plane. This separ- 
ation distance depends on the angle of incidence of the 
reflection plate and its thickness. For quantitative 
results a large ray separation distance (large reflection 
plate thickness) is required, so that one ray can be con- 
sidered to have passed through the flame while the other 
is-unaffected. However, the number of fringes increases 
with the plate thickness and this places a practical 
limitation on the maximum ray separation. For qualitative 
flame visualisation studies the thickness and precise 
angle of the reflection plate are irrelevant. 
3.4.3.1 Reflection Plates 
Those designed by Bundy (1) were used in the 
present work. To safeguard against plate vibrations, they 
were mounted in plasticine on a lens holder which was 
positioned on the optical bench at the schlieren focus. 
The major advantage of this method was the ease with which 
interference fringes were obtained; the only necessary 
adjustment was the inclination of the reflection plate to 
an appropriate angle to the optical axis. 
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3.4.3.2 Optical Arrangement 
The microscope objective was positioned to give a 
parallel beam at the test section and the reflection plate 
placed at the focus of the second lens. With a white-card 
or similar object as a screen, the reflection plate was 
adjusted so that the beam fell on a place which was free 
of imperfections and gave a pattern of straight, even 
fringes. The incidence angle at the plate was set at 
approximately 500. For photography, the camera was focused 
on the spark gap. This was done by holding a small light 
inside the vessel, near the spark gap with the laser 
switched off. 
3.4.4 Knife Edge Schlieren 
In contrast to the reflection plate, the knife 
edge does need careful adjustment. When the knife edge is 
at the schlieren focus, diffraction effects are easily 
obtained. 
The technique for the knife edge schlieren also 
has the same problem as that for the reflection plate, in 
that the variations in the inclination of the refractive 
index gradient to the knife edge can lead to different 
results. Displacement of the image of the source parallel 
to the knife edge produces no effect at the screen, and 
the edge must therefore be set perpendicular to the direc- 
tion in which the density gradients are to be observed. 
Andrews (2) recommended the use of an 'L' shaped 
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knife edge with the corner of the 'L' positioned at the 
schlieren focus, in an attempt to overcome directional 
effects caused by the use of simple vertical or horizontal 
knife edge. It was noticed during the double kernel 
investigations, which are discussed in Chapter 4, that an 
'L' shaped knife edge gives gooddefinition for one of the 
kernels but less so for the other. By employing 'V' 
shaped knife edges it was possible to obtain reasonable 
definitions for both kernels. Two simple razor blades 
stuck together in a 'V' shape were used. 
3.4.5 High Speed-Camera 
A Fastax type W. F. 17 high speed eine camera was 
used in conjunction with a Weinberg power control unit 
WG-15 and a programmer unit WG-25. The maximum framing 
speed of the camera was 8,000 frames per second and the 
film size was 16 mm. Built into the camera was a small 
neon lamp which calibrated the film at intervals of either 
one or ten milliseconds. The programmer unit was used for 
triggering and synchronisation, as described in 
Section 3.5.3. 
For photography, the camera lens was positioned a 
few centimeters behind the schlieren focus so that the 
explosion vessel window filled the 16 mm frame. The lens 
was opened fully, to f 2.8 and focused on the filament 
of a small torch bulb placed at the centre of the vessel, 
just above the spark plug. 
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During the course of the work this camera 
developed a fault which impaired its smooth running and, 
as a consequence, it was replaced by a Hitachi model 16 HM 
high speed camera. This was used in conjunction with a 
16 mm Gordon Advanced Camera Control System GC1026. The 
maximum framing speed of this camera was 10,000 frames 
per second. 
The camera was equipped with LED timing lamps, 
the light from which was projected by lens on to the film. 
The timing light marked the film every m sec, with 
a burst of 10 marks every 16 m secs. 
Ilford FP4 film was used in the high speed camera. 
This was chosen because it provided good contrast and 
responded to the laser wavelength. Often 25 ft lengths 
were used, but for hydrogen explosions, when the camera 
ran at near maximum speed, lengths of up to 100 ft were 
employed. 
3.4.6 Tulip 
In order to study the effect of high turbulence 
levels upon ignition and flame propagation it was decided 
to initiate flame propagation in a volume shielded from 
the full turbulence intensity. Initially a tulip-shaped 
glass shield was formed with the spark electrodes close 
to the base of what became known as the tulip. The 
definition of the flame front inside the tulip was very 
poor and this arrangement was replaced by a shield of two 
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schlieren quality glass plates orthogonal to the optical 
axis. Unfortunately, it was not possible even with this 
arrangement to obtain satisfactory flame visualisation 
with either schlieren or interference techniques because 
of the difficulty of aligning the two plates orthogonally 
to the optical axis. The two designs that eventually were 
employed are shown in Figs. 3.18 and 3.19. 
For the design of Fig. 3.18, tulip A, the spark 
electrodes were shielded from the full turbulence intensity 
by two brass discs of 63.5 mm diameter mounted on the 
spark electrodes, as shown in the figure. The distance 
between the two discs could be easily varied. 
The two spark plugs, described in Section 3.2.1.2, 
were mounted horizontally from either side of the vessel. 
The flat ended brass screw electrodes were screwed into 
the inner conductor of the spark plugs, to form a variable 
spark gap. 
Each of the two discs was brazed to a threaded 
brass boss. These were screwed on to the electrodes and 
the thread enabled the distance apart of the two discs to 
be varied. In some experiments a further shielding was 
achieved by covering approximately the lower three- 
quarters of the . circumferential gap 
between the two discs 
by a thin brass sheet. 
In the course of the experiments reported in 
Chapter 4 it became clear that this volume was too large 
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and the flame movement away from the tulip was excessive. 
To overcome this difficulty a cylindrical tulip 
of smaller volume, tulip B, was made which is shown in 
Fig. 3.19. A cylinder of 22 mm diameter and 39 mm internal 
height was mounted at the end of the horizontal electrode. 
This tulip is shown in position inside the bomb in 
Fig. 3.3. 
The high voltage electrode consisted of a flat 
ended brass screw, screwed into the inner electrode. The 
earther electrode consisted of a brass disc attached to a 
thin steel vertical rod across the tulip diameter. 
To estimate the turbulence intensity inside the 
tulip, a hot wire probe such as described in Section 
3.2.1.4. was inserted inside the tulip. The value of u' 
was found to be less than 10% of the value outside the 
tulip. This low value enabled a flame kernel to become 
established in a region of low turbulence. 
3.5 GENERAL EXPERIMENTAL TECHNIQUES 
3.5.1 Preparation of Gaseous Mixtures 
Due to the effective sealing of the fan shaft, 
the explosion vessel could be evacuated to a sufficiently 
low pressure for mixtures to be made up in the vessel. It 
was first washed out by evacuation to a pressure of less 
than one Torr and filled-with atmospheric air; this process 
was repeated three times. The mixture components were 
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added, the smallest constituent first, to their respective 
partial pressure, and to a final pressure of one atmosphere. 
The mixture was allowed to stand for at least five minutes 
before explosion, with the fan running for good mixing. 
For calibration experiments, all mixtures were 
prepared in the large tank described in Section 3.2.1.1. 
3.5.1.1 Gas Purity 
The methane was drawn from cylinders suppled by 
Air Products Ltd. The purity quoted by the suppliers was 
95%. The hydrogen was supplied by the British Oxygen 
Company and was 99.99% pure. Air was taken from the atmos- 
phere through a drying tube containing anhydrous calcium 
chloride. 
3.5.2 Leak. Testing 
The equipment was tested periodically for leakage 
by evacuations to low pressure and observations for any 
pressure increase over a period of time. Leaks were 
located by the application of both air pressure and soap 
solution. The amount of leakage tolerated was such as to 
give 1 Torr increase in pressure per hour in the explosion 
vessel. For the storage tank any detectable increase in 
pressure over a period of 24 hours denoted too large a 
leak. 
3.5.3 Synchronisation 
A high speed camera control unit triggered the 
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spark and oscilloscope. A button on the unit started 
the camera, which after a preset length of film had run 
through (for the Fastax camera), or when the camera had 
attained its full speed (for the Hitachi camera), closed 
a relay which triggered the spark and the oscilloscope. 
The sequence is demonstrated diagrammatically in Fig. 3.20. 
With the camera at full speed a relay in the 
camera control unit closed and discharged a capacitor 
through the gate of thyristor in the synchronisation unit, 
which caused a 0.1 pF capacitor to be discharged through 
the primary circuit of the pulse transformer in the 
ignition unit. The circuit is shown in Fig. 3.21. 
3.5.4 Pressure Measurements 
The equipment for pressure measurements is 
described in Section 3.2.1.3. The pressure transducer was 
mounted flush with the explosion vessel cylinder wall on 
the centreline. The transducer was calibrated by 
Lwakabamba (3) to obtain its sensitivity and. the cali- 
bration was found to be linear. The pressure increases 
measured in these experiments took place over a period of 
approximately 5m sec and this was large compared 
with the transducer rise time of 6u sec. 
The charge amplifier was set to give an output 
of 1m volt for every increase of 1 p. s. i. pressure. 
These settings were maintained for all the explosions. 
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3.5.5 Recording Techniques 
Output voltages, such as those from the hot wire, 
pressure transducer and ionisation probe were displayed 
on the oscilloscopes and traces were photographed with 
oscilloscope cameras. The time base on the oscilloscopes 
was set so that a single sweep would cover the required 
period. The sweep was triggered at the beginning of the 
explosion and the camera shutter remained open whilst the 
event occurred. The illuminated graticule on the oscillo- 
scope was also recorded on the photograph, and when 
quantitative data was required, measurements were made 
from the photograph with a travelling microscope. 
Tektronix type 502 and type 551 dual beam, with 
type 11A5 plug-in units, oscilloscopes were used throughout. 
3.5.6 Processing of Results 
The high speed films were developed by a Gordon 
16/35 negative film processing machine. They were later 
analysed with a P. C. D. Ltd., X-Y Digital Data Reader, 
type ZAE 1B. This had a 16 mm back projection facility 
which permitted analysis of still and cin6 films from 
their blown up images (about 40 times) on a translucent 
screen with a reading area of 30 x 50 cm. The Reader 
also had a built-in scaling facility so that the actual 
distances between reference knife edges on the films 
could be set as a digital output such that all subsequent 
film measurements were in real distances along the vessel 
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centreline diameter. The films were measured frame by 
frame. To obtain a distance scale on the film a known 
calibration distance was required on it. Two razor blade 
edges, attached to the window, 60 mm apart, were used for 
this. Andrews (2) had shown that there was no distance 
error due to the camera being focused at the centre of 
the vessel. 
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3.6 NOMENCLATURE 
a a. c. voltage component, Eq. (3.4) 
C1 constant, Eq. (3.11) 
C2 constant, Eq. (3.14) 
d hot wire anemometer diameter 
D time mean d. c. voltage component 
E true r. m. s. voltage, Eqs. (3.2) and (3.5) 
E(n) power spectral density function or energy 
spectrum 
F(n) normalised power spectral density function 
L integral scale of turbulence 
Lt integral time scale 
w hot wire anemometer length 
n frequency 
Ruv the coefficient of correlation between fluctuating 
velocities u and v, Eq. (3.1) 
Ry the correlation coefficient between velocity at 
two points a distance y apart 
t time 
u instantaneous fluctuating velocity in the x 
direction 
üv Reynolds stress 
u' r. m. s. turbulent velocity in the x direction, 
uý 
Uä "apparent" r. m. s. velocity directly measured in 
the present vessel 
U mean flow velocity in the x direction 
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Ueff effective cooling velocity 
v instantaneous fluctuating velocity in the y 
direction 
v' r. m. s. turbulent velocity in the y direction, 
v` 
w instantaneous fluctuating velocity in the z 
direction 
w' r. m. s. turbulent velocity in the z direction, 
w2 
W mean flow velocity in the z direction 
y separation distance 
I Taylor microscale of turbulence 
xt Taylor micro time scale 
r 
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CHAPTER 4 
EXPERIMENTAL RESULTS 
4.1 INTRODUCTION 
In order to develop theories of turbulent 
combustion it is necessary to have accurate measurements 
of such parameters as burning velocity and propagation 
limits and a knowledge of how they correlate with turbulent 
and chemical parameters. 
This Chapter describes the experimental investi- 
gation of turbulent flame structure and its propagation. 
Measurements are reported of cold gas turbulent parameters 
for both air and a range of hydrogen-air mixtures at 
atmospheric and subatmospheric pressures. Also reported 
are results on the effect of turbulence on ignition, 
propagation limits, and turbulent quenching of propagating 
kernels of methane-air and hydrogen-air mixtures. From 
these results physical pictures emerge which enhance the 
understanding of turbulent reacting flows and these are 
discussed further in Chapter 5. 
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4.2 THE STRUCTURE OF TURBULENCE IN THE EXPLOSION 
VESSEL 
The vessel turbulence was produced by four 
identical high speed fans, running at the same speed, and 
driven by one horsepower d. c. motors (Figs. 3.1 and 3.3). 
Such a system has the advantages of producing a-signifi- 
cant volume of gas with uniform, isotropic turbulence, at 
values of turbulent Reynolds number comparable to those 
achieved in practical combustion chamber (1,2). 
Andrews (3) showed that in the present vessel the 
turbulence is isotropic up to a radius of at least 75 mm 
for all fan speeds. He (3) investigated the variation of 
u' with radial distance at various fan speeds, in both 
horizontal and vertical directions and concluded that a, 
volume with a constant value of u' existed at the centre 
of the vessel. This volume decreased as the fan speed 
increased, but even at the highest fan speed was suffic- 
iently large for the valid determination of burning 
velocity. 
4.2.1 R. M. S. Turbulent Velocity 
Measurements of r. m. s. turbulent velocity, u', 
were made in gases at room temperature. A variety of 
mixtures, with different values of kinematic viscosity, 
v, were used in the calibration. For an anemometer wire 
at the centre of the vessel, the variations of u' obtained 
from Eqs. (3.5) and (3.8) with fan speed are shown by the 
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full line in Fig. 4.1. These were the same for air at 
both one and a third of an atmosphere, and for hydrogen- 
nitrogen mixtures with 20%, 30% and 40% of hydrogen at 
one atmosphere pressure. 
Andrews (3) and Lwakabamba (4) measured variations 
of u' with fan speed for the same vessel and fans, but no 
allowance was made for the effect of hot wire rectification. 
Accordingly, u' was based only on the a. c. component, a, 
in Eq. (3.5). The results so obtained and reported by 
Lwakabamba (4) are shown by the broken line in Fig. 4.1. 
Clearly, their neglect of rectification effects resulted 
in an underestimation of u'. 
Semenov (2) in his analysis of fan turbulence in 
closed vessels, studied the effect of pressure. Measure- 
ments were made in air and in hydrogen at pressures 
ranging from 0.13 to 1 atmosphere. The r. m. s. turbulent 
velocity, u', was measured by a hot. wire anemometer. 
These measurements showed u' to have but slight dependence 
on pressure for a given fan speed, and are in line with the 
present results. 
4.2.2 Length Scales 
The integral scales, L, were measured for air at 
atmospheric and at a third of an atmosphere pressure, and 
also for hydrogen-nitrogen mixtures at atmospheric 
pressure, by the two point velocity correlation technique, 
described in Section 3.3.3.1. Figure 4.2 shows the variation 
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of the correlation function, Ry, with wire separation 
distance, y, for various fan speeds. It can be seen that 
the correlation function is not greatly affected by fan 
speed. Graphical integration of the correlation curve 
yielded the value of integral scale, L. 
This variation of L with fan speed is shown by the 
full line in Fig. 4.3. This curve was the same for both 
air and the mixture of 401 H2 at atmospheric pressure and 
also for air at a third of this pressure. Thus the value 
of L appears to be independent of kinematic viscosity, V. 
Semenov (2) also made measurements in air and 
hydrogen at pressures from 0.13 to 1 atmosphere. The 
r. m. s. turbulent velocity, u', was measured by hot wire 
anemometer, whilst the turbulent diffusivity, e, was 
derived from the heat flux from a hot body and the temper- 
ature gradient. The Lagrangian scale, L', was calculated 
from the expression 
E= u' L' (4.1) 
These measurements showed the Lagrangian scale to vary 
with (pressure)-°'4 and to be slightly dependent on the 
molecular properties of the gas. Figure 4.3 shows no 
such effects on the value of L. 
It is not surprising that the value of L has but 
slight dependence on fan speed (2,5). The fans principally 
produce turbulence by eddies shed from the blade edges 
and the dimensions of the eddies are mainly a function of 
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fan blade geometry. Thus, the only means for achieving 
a significant variation of L would appear to be through 
the use of fans of different blade geometry. 
With a value of v of 15.74 x 10-6 m2 sec-1 for 
air and 24.06 x 10-6 m2 sec-1 for the 40% H2-60% N2 mixture, 
which was computed from the programme given in Appendix 1, 
values of RL were obtained for different fan speeds, and 
these are shown in Fig. 4.4. 
The Taylor microscale, A, was obtained by fitting 
a parabola through the peak region of the two point 
correlation curve. The parabola also passed through the 
maximum value, as shown in Fig. 4.5. The variation of A 
with fan speed is shown in Fig. 4.6. 
The variations with fan speed of time length 
scales, obtained by Andrews (3) from autocorrelation 
measurements, are shown in Fig. 4.7 for Lt and Figs. 4.8 
and 4.9 for At. As discussed in Chapter 3, values of L 
and A were obtained by multiplying these values by the 
velocity u', measured in the present work and such values 
are shown in Figs. 4.3 and 4.6, respectively. 
The normalised power spectral density function, 
F(n), versus central frequency, n, was obtained, as 
described in Chapter 3 and the results are shown for 
different fan speeds in Figs. 4.10 and 4.11. Also shown 
in Fig. 4.10 is a line of -5/3 slope which represents the 
energy distribution predicted by Kolmogrov (6) from 
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dimensional analysis for the inertial subrange. Tennekes 
(7) has predicted a frequency distribution with this slope 
for isotropic turbulence in the absence of mean flow. 
Also shown in the figure is a line of -7 slope which 
represents the energy distribution predicted by Heisenberg 
(8) for the viscous dissipative regime. Figure 4.10 shows 
that the power spectral density measured in the present 
vessel has regions corresponding to these two power laws. 
The values of length scales L and X obtained from 
the distribution of power spectral density with frequency 
are plotted against fan speed in Figs. 4.3 and 4.6, 
respectively. It might be expected that both the auto- 
correlation and the power spectral density function methods 
would give the same values of length scales, since the 
power spectral density function and the autocorrelation 
function are Fourier transform pairs (9). Either can be 
obtained by transforming the other. Also both methods 
employed the assumption that U=u'. Figures 4.3 and 4.6 
show that the values of L obtained from spectral analysis 
are higher than those obtained'from autocorrelation 
measurements, but that the two sets of values of A are in 
good agreement. 
The creation of turbulence by fans in closed 
vessels has several advantages over its creation in con- 
tinuous flow systems. On the other hand, some problems 
arise with the former method due to the rectification of 
the velocity fluctuations by the hot wire, as demonstrated 
in Chapter 3. 
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It might be expected that in the two point 
correlation method, the rectified electrical signals 
would not give the same correlation coefficient as would 
the associated values of velocity. Figure 3.12 shows the 
former to have a higher frequency than the latter. The 
rectification will reduce the correlation coefficient for 
the two signals, and hence the apparent integral length 
scale. On the other hand, the values of A are based upon 
a small separation of the wires and the rectification of 
the two signals is relatively less important for these 
measurements. 
Equation (3.5) shows, for the 'case of the full 
energy spectrum, the importance of the d. c. component con- 
tribution to the. turbulent energy. In this case the d. c. 
component can be measured. However, when a spectral band 
energy is to be measured there are no means of obtaining 
the associated d. c. contribution. Because of this 
omission integral length scales, obtained by an extrapo- 
lation to zero frequency of the value of P(n) and the 
use of Eq. (3.18) will be too low, as pointed out by 
Semenov (2). 
Ohta et al (5) in their studies on a fan-stirred 
bomb attempted to overcome these difficulties by the use 
of an electronic circuit to reverse the polarity of the 
linearised output signal each time it reached a zero 
velocity value. In this way the signal was de-rectified. 
These workers reported values of L, but not the method of 
measurement. 
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The use of three different techniques for the 
measurement of L, reveals limitations in all of them, 
primarily because of problems arising from rectification 
of the anemometer signal. It is probable that all values 
are too low and the present results lead to the further 
researches of McMahon (10) in this measurement problem. 
Figure 4.6 reveals a greater agreement in values of A 
obtained by the different techniques. There appears to 
be no problem in obtaining accurate values of u'. 
4.3 THE MEASUREMENT OF TURBULENT BURNING VELOCITY 
A photograph of a typical approach 
flame kernels is shown in Fig. 4.12; there 
flattening of the kernels as they approach, 
in comparison with that shown in Fig. 4.13 
case. This was in line with the fact that 
flame'speed increased with the turbulence, 
did not increase to the same extent (1). 
of two turbulent 
was not much 
ed each other, 
for the laminar 
although the 
the gas velocity 
Values of ut were obtained by measuring the 
separation distance between those segments of the kernels 
which approached each other along a common normal. This 
has been described in. detail by Andrews and Bradley (11). 
A typical plot of kernel separation distance against time 
is shown in Fig. 4.14 for a 30% H2-air mixture at 2000 
r. p. m. The rate of decrease of this distance with respect 
to time at the instant just before contact is equal to 
twice the burning velocity, ut. Andrews and Bradley (11) 
reported that one of the difficulties of this technique 
f 
was that of spark synchronisation. However, because of 
the increase in ignition delay time with fan speed, even 
though the flame speed increased differences in timing 
of the two sparks were relatively unimportant and the 
ignition circuit gave a sufficiently short time interval 
between the two sparks. 
For the reasons given in Chapter 1 measurements 
Were required at high values of uL. They were made over 
the range of 15% to 40% hydrogen-air mixtures at an initial 
pressure of one atmosphere. The results are given in 
Table 4.1. Values of uR for H2-air were taken from 
Andrews and Bradley (11) and these reached a maximum of 
3.48 m sec-1 for 40% H2-air. 
With the objective of attempting to obtain the 
greatest generality for any theories or empirical expres- 
sions for turbulent burning, some 10% CH4-air explosions 
were carried out at subatmospheric pressures of 0.25 and 
0.5 atmosphere. These results also are given in Table 
4.1. Values of uR. again were taken from Andrews and 
Bradley (11). 
The pressure records in all cases confirmed that 
burning velocity measurements were made before there was 
significant increase in pressure. In the case of H2-air 
mixtures low amplitude high frequency oscillations were 
observed on the pressure records in the range of 30% to 
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40% H2. 
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4.4 THE EFFECT OF TURBULENCE ON IGNITION AND PROPAGATION 
LIMITS 
Although near-limit mixtures of gaseous fuels and 
air could be ignited successfully under laminar conditions, 
this becomes more difficult under turbulent conditions 
(12-17). The regime of ignitability between the lean and 
rich limits narrowed as the fan speed increased. The 
-influence of turbulence upon spark ignition was the sub- 
ject of parallel research by McMahon (10). The concern 
of the present writer was to ascertain whether flame prop- 
agation limits existed and, if they did, to define them 
quantitatively. Because ignition became more difficult 
with increase in turbulence, the tulips, described in 
Chapter 3 were used to initiate ignition in a region of 
low turbulence. The flame emerged from the open end of 
the'tulip into the region of maximum turbulence and high 
speed photography and pressure measurements were used to 
ascertain whether or not the flame could propagate in 
this region. In this way ignition and flame propagation 
limits were uncoupled. 
The variable energy, variable frequency ignition 
circuit, unit (B), described in Section 3.2.1.2 was used 
throughout this investigation. Stored spark energies of 
3 and 12 joules were used for various types of explosions, 
with 12 joules'for most of the work. 
Spark gaps were varied between 0.36 mm and 0.76 mm, 
with preference for the latter in most of the experiments. 
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Spark gaps less than 0.36 mm were liable to electrical 
leakage across the gap whilst for those greater than 
approximately 1 mm, electrical breakdown was not possible 
at the maximum available voltage of 2 KV. 
Measurements were made with both methane and 
hydrogen-air mixtures. First, a set of experiments were 
carried. out with tulip A and a variable distance between 
the two discs, in order to obtain a critical distance. 
Too large distance between the discs could allow excessive 
turbulence around the spark plug and thus prevent ignition, 
whilst too small a distance could give rise to thermal 
quenching by the walls. The results are given in Table 
4.2. A distance of 22 mm was found to be suitable and 
for this reason the diameter of tulip B was 22 mm. 
The lean and rich flammability limits for methane- 
air are shown in Fig. 4.15 and the conditions in Table 4.3. 
It is seen how an increase in fan speed, narrows slightly the 
lean limit but more markedly decreases the rich limit. 
However, the rich data of runs 2 and 3 show that an increase 
in the stored spark energy, from 3J to 12J, extends the 
limits. The rich data for runs 1 and 5 reveal a similar 
extension, as shown from the two lines on Fig. 4.15, when the 
flame is allowed first to develop under the less turbulent 
conditions between the discs, before emerging into the fully 
turbulent region. Slight widening of the limits was observed 
when the spark gap was increased from 0.36 mm to 0.76 mm. 
These results are based upon an 80 per cent probability of 
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ignition and a minimum of 20 sparks at each set of 
conditions. 
Table 4.4 gives the lean flammability limits for 
hydrogen-air mixtures. These were only obtained for high 
fan speeds. 
4.5 HIGH SPEED PHOTOGRPAHY OF LIMIT FLAMES 
The tulip B was used with a 0.76 mm spark gap and 
stored energies of 3 and 12 J in photographic studies of 
flame quenching at high tubulence levels. The schlieren 
interferometery technique was used, since it was found to 
give a better definition of the flame front than that 
obtained with the-knife edge technique. The fan ran at 
the highest possible speed of 3,500 r. p. m. The Hitachi 
camera was used with'a speed of 3,000 frames per second, 
which corresponds to an effective shutter exposure time, 
of 66.67 u sec (with the film exposed for one fifth of 
the running time). 
Prints from high speed film of methane-air 
explosions are shown in Figs. 4.16 to 4.21. The outside 
diameter of the tulip, visible on the photographs, is 
25 mm. Figures 4.16 to 4.21 are'three quarters full size. 
Frames (a) on each figure are for a 13.04% methane-air 
mixture, the flame of which was just capable of complete 
propagation at this fan speed. - Frames (b) are for a 13.13% 
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methane-air mixture, the flame of which was incapable of 
complete propagation and consequently quenched. The nominal 
spark energy for frames (a) and (b) was 12 J. Frames (c) 
are for a 13.18% methane-air mixture, giving a quenched 
flame, from a stored energy of 3 J. 
The quoted time is that which elapsed from the 
time at which the flame emerged from the tulip. Figures 
4.16 to 4.18 for times of . 07,27, and . 67 m sec, respect- 
ively show the initial stages of propagation as the flame 
moves into the fully turbulent region, and the propagating 
kernels are very much the same, over the same time interval. 
Figures 4.19 (a) and 4.20 (a) show a propagating flame at 
times of 1.20 and 1.53 m sec, respectively, with which it 
is instructive to compare the non-propagating flame of 
Figs. 4.19 (b) and 4.20 (b), over the same range of time. 
In Fig. 4.21 (b) the extinction of the flame becomes clear 
and the burnt became mixed with the unburnt gases by the 
action of the turbulence. 
Group (c) of the prints is shown for comparison. 
with group (b). Both show quenching flames, but the 
former with lower spark energies. A change in the spark 
energy from 12 to 3 J. has had no apparent effect on the 
quenching mechanism. This is particularly clear from a 
comparison of Fig. 4.20. (b) and (c). 
It was hoped to estimate the effect of turbulence 
on the ignition delay from the films both with tulip A, 
without a shield, and in the absence of a tulip but this 
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attempt was unsuccessful due to the short time resolution 
of the camera. 
4.6 THE STRUCTURE OF TURBULENT FLAMES 
4.6.1 Optical Studies of Turbulent Flames 
In the present study the Fastax camera was used 
with framing speeds of between 3,000 and 6,500 frames 
sec-1. The higher framing speeds were used for the mixtures 
of higher burning velocity at high levels of turbulence. 
The Hitachi camera also was employed at a framing speed 
of 3,000 frames sec-1, for slow methane-air mixtures close 
to the propagation limit. The P. C. D. 'X-Y' Digital Data 
Reader was used in measurements of the films. 
Some prints at the flame front from the eine films 
for 10% CH4-air explosions obtained using the wire 
schlieren technique, are shown in Fig. 4.22 (a)-(c). 
These prints are taken from the Thesis of Lwakabamba (4). 
The corresponding values of fan speed and film exposure 
time are given in Table 4.5. The distance, along the 
vessel centreline diameter, between the spark plug and the 
hot wire probe, shown in these photographs, is 38.1 mm 
and Fig. 4.22 has a magnification of about 1.2. The wire 
diffraction schlieren interferometer technique was found 
to give good flame structure definition, which, of course, 
is dependent upon the existence of temperature gradients. 
The photographs show clearly the dominance of a 
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large scale eddy structure up to a fan speed of approximately 
1,500 r. p. m. for 10% CH4-air mixture. Lwakabamba (4) has 
shown these eddies to have a size comparable to that of 
the integral scale of cold gas turbulence. As the speed 
of the fans was increased -further, the small scale structure 
became more dominant. Chomiak (18) and Lwakabamba (4) have 
shown experimentally that these small eddies, or veins, 
have a size close to that of the Kolmogorov microscale. 
Careful examination of the behaviour of the small 
eddies close to the edge of the flame front shows them, 
illustrated in Fig. 4.23, to appear as veins or tubes, 
which sometimes detached themselves from the surface of a 
large eddy. The differences in temperature between these 
veins and their environment were sufficient to enable 
them to be optically visualised. 
Figure 4.23 (a) -(c) shows the typical behaviour of 
the veins, from appearance to disappearance, over several 
frames of the cin6 film. Part (a) shows the movement of 
two veins, each at the edge of a flame front, as the two 
kernels approach each other, for a 20% H2-air mixture at 
2,000 r. p. m. Part (b) shows the movement of a vein at 
the edge of a flame front, for a 10% CH4-air mixture at 
1,500 r. p. m. Part (c) shows the movement of a vein with 
respect to a large cell, for 10% CH4-air mixture at 3,000 
r. p. m. This was also close to the edge of the flame front. 
The quoted time is that which elapsed from the time at 
which the vein first appeared. Also shown in part (b) of 
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the figure, is the movement of the flame front. This is 
not shown in parts (a) and (c) for reasons of clarity. 
From Figs. 4.22 and 4.23 and the many other cin6 
films analysed, the following picture emerged of the 
behaviour of these veins: 
(i) Long veins appeared with a length of usually 
eight to twelve times the diameter. The size 
remained unchanged during the apparent lifetime. 
(ii) There was no appearance of flame propagation 
along either the length or the radius. 
(iii) If these are dissipative eddies, as would be 
suggested by their association with the Kolmogorov 
microscale, then the temperature difference 
between them and their environment, which is 
necessary to render them visible, is perhaps 
maintained by continuing chemical reaction. 
(iv) They move spatially with a velocity close to 
that of the gas velocity ahead of the flame front. 
(v) Their number 'density' on the film increases with 
fan speed, for a given mixture. 
4.6.1.1 Measurements of Apparent Small Eddy Lifetime 
The apparent lifetime of the veins or small eddies, 
t,, were obtained by identifying a certain small eddy close 
to the edge of the flame front and noting the number of 
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frames from its appearance to its disappearance. This 
range of frames was then converted to a time scale from 
the film speed. The whole procedure was repeated for a 
number of small eddies on each explosion film. 
Figure 4.24 shows the mean apparent lifetime of 
the veins measured from the explosion films for the 
following mixtures: 
13.11% CH4-air at one atmosphere.. 
10% C114-air at 0.5 atmosphere. 
20%, 30%, and 40% H2-air at one atmosphere. 
The figure shows that the lifetimes of the small eddies 
generally decrease, as the fan speed increases. There is 
also a general trend for the apparent lifetime to decrease 
as the laminar burning velocity increases. It was found 
for 40% H2-air mixtures at a fan speed of 3,500 r. p. m., 
lifetime of the small eddies became small, and an edddy 
only appeared on a single frame. In this case the lifetime 
was taken to be that corresponding to the half-frame time. 
Values of u, in the figure were taken from Andrews and 
Bradley (11,19). 
4.6.1.2 Measurements of Small Eddy Density 
Figure 4.22 (a)-(c) shows that the number of 
small eddies increases with fan speed. The number density 
of these eddies, Y,, should roughly correspond to the area 
occupied by these eddies. Hence, the number of discrete 
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small eddies per square inch was counted by eye, on the 
screen of*the Reader, close to the flame front and at 
different positions within a single frame of film. This 
was repeated for different frames and average values were 
obtained to give the points plotted in Fig. 4.25.. 
Measurements were made for 20%, 30%, and 40% H2-air mixtures 
at atmospheric pressure with different fan speeds, and the 
results, together with those obtained by Lwakabamba (4) 
for a 10% CH4-air mixture, are shown in the figure. The 
values have been normalised by dividing them by the number 
density for a fan speed of 5,000 r. p. m. and a 10% CH4-air 
mixture. Figure 4.25 shows the variation of normalised 
small eddy density with laminar burning velocity. This 
shows that there is a general trend for Y to be reduced 
as the laminar burning velocity increases. The four 
mixtures investigated covered a wide range of uz values 
and yet showed similar results. Values of u. given in 
the figure were taken from Andrews and Bradley (11). 
4.6.2 Ionisation Fluctuations in Turbulent Flames 
Some diagnosis of the turbulence of the hot flame 
gases was obtained from the chemi-ionisation of the gases 
and the use of an electrostatic probe. The probe used in 
the present study was designed by Andrews (3). The 
fluctuations in the ionisation current to a negatively 
based electrostatic probe were measured as the turbulent 
flame swept across the probe. This probe was a platinum- 
40% rhodium cylinder of 0.2 mm diameter and 8 mm long, 
t 
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whilst the other electrode consisted of a long stainless 
steel wire, 1 mm diameter, with a surface area greater than 
that of the negative electrode. There was always a 
sufficiency of electrons around the larger electrode to 
ensure that electron flux was not current limiting and that 
the current measured by the circuit was the positive ion 
current to the negative probe. The measuring probe was 
positioned 44 mm from the spark gap and was designed to 
minimise electrical interferences. It was insulated com- 
pletely from the vessel by mounting in a P. T. F. E. boss 
which was screwed into the vessel. A constant voltage 
difference of 4.5 was maintained across the electrodes and 
current-time characteristics were displayed on oscillo- 
scopes and photographed with an oscilloscope camera. 
Two ion current temporal fluctuations are shown 
as the top traces in Fig. 4.26 (a) and (b) for 10% CH4-air 
mixture. The lower traces are those of pressure, 
obtained as described in Chapter 3. It is the early stage 
of combustion, before significant increase of pressure, 
with which the present study is concerned. It is seen 
that higher frequency current fluctuations are superimposed 
upon the surge of ionisation associated with the arrival 
of the flame front. These are probably associated with 
the small scale eddies. Just as differences in temperature 
between these eddies and their immediate environment are 
sufficient tö enable them to be optically visualised, so 
differences in ionisation enable small eddies to be 
registered by ionisation current fluctuations. 
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From the many ionisation probe records that had 
been obtained it was seen that, for the same fan speed, 
the number of high frequency ripples varied significantly 
from record to record. This is indicative of the random 
intermittent character of the dissipative eddies. In 
general, the number of high frequency peaks increased 
with fan speed. The same conclusions have also been 
reported previously by Andrews (3) and Lwakabamba (4). 
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4.7 NOMENCLATURE 
a a. c. voltage component, Eq. (3.4) 
F(n) normalised power spectral density function 
L integral scale of turbulence 
L' Lagrangian integral scale of turbulence 
Lt integral time scale 
n frequency 
RL u'L 
v 
Ry the correlation coefficient between velocity at 
two points a distance y apart 
t" apparent small eddy, or veins, lifetime 
u' r. m. s. turbulent velocity 
u laminar burning velocity 
ut turbulent burning velocity 
U mean flow velocity 
y separation distance 
Y small eddy, or veins, density 
e turbulent diffusivity 
A Taylor microscale of turbulence 
xt Taylor micro time scale 
v kinematic viscosity 
J 
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" 20°/°H2-N2 1 18.95 
0 30°/°H2-N2 1 21.22 
A 40°/°H2-N2 1 24.06 
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5. l INTRODUCTION 
The need to utilise 'the data and understand the 
mechanism of turbulent flame propagation has led to various 
proposed correlations of ut, uR and turbulence parameters. 
The experimental data of Chapter 4 and those of 
previous workers were plotted in a variety, of ways to 
seek a satisfactory correlation. The best presentation 
seems to be one in which ut/uL is plotted against ui/u' 
for different values of turbulent Reynolds number, RL. 
Because any correlations which might be proposed should be 
valid for any system, irrespective of how the turbulence 
was produced, all known reasonably reliable data, drawn 
from a variety of rigs, are plotted alongside the data of 
Chapter 4. This has involved the correlation of several 
hundred experimental points and, where the required 
parameters had not been measured directly, the best 
possible estimation of their values. The problem is 
further complicated by the difficulties of measuring u, 
and ut accurately and by certain arbitrariness in 
derivations of turbulent length scales. 
5.2 CORRELATION OF TURBULENT BURNING VELOCITY DATA 
5.2.1 Present Work 
The results of Chapter 4 (Table 4.1) are given in 
Table 5.1, for hydrogen-air mixtures, and Table 5.2 for 
methane-air'. mixtures at subatmospheric pressures. These 
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are reproduced as functions of u, /u' and RL. Values of 
u' and L at the corresponding fan speeds were drawn from 
the full line curves in Figs. 4.1 and 4.3, respectively, 
whilst values of the kinematic viscosity, v, were computed 
from the programme given in Appendix 1. These results 
also are shown in graphs of ut /u, , plotted against ui 
/u' , 
for different ranges of RL in Figs. 5.1 to 5.15. 
Alongside the present experimental points, are 
those of previous workers, which are summarised in 
Table 5.3. These cover a wide range of burning conditions, 
mixture compositions and turbulent parameters. The best" 
curves were drawn through the points by eye with some 
regard being paid to the possible accuracy of the measure- 
ments although, because of the variety of measured 
parameters involved, a satisfactory error analysis for 
each point was not possible. 
The present work extended the range of experimental 
investigations on premixed turbulent combustion, with an 
approximately three-fold increase in maximum values of 
uR/u' over previously measured values, up to values of RL 
in the region of 1500. Values of uz for H2-air were 
taken from Andrews and Bradley (32) and these reached a 
maximum of 3.48 m sec-1 for 40% H2. The values of uk 
for 10% CH4-air at subatmospheric pressures were taken 
from the same reference and these reached a maximum of 
0.90 m sec- at 0.25 atm. The use of H2 made possible 
the attainment of values of ui/u' as high as 17.40, at a 
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value of RL of 59. 
0.60 at a peak value of 
5.2.2 Previous Work 
The lowest value olý 
RL of 1522. 
ux/uI was 
Reference to Table 5.3 shows that experimentalists 
have recognised the importance of measuring ul in cold 
flow, but often the turbulent length scale has not been 
measured and the importance of kinematic viscosity has 
been unrecognised, despite the fact that its value is the 
determining factor for small eddy size. Few workers have 
presented data that are complete enough for the proposed 
correlation. * An alternative method of deriving RL 
therefore was adopted for circular tube and flat slot 
burners. Experimental measurements of turbulent length 
scales and r. m. s. turbulent velocities in non-reacting 
flows at the centre line in tubes and between parallel 
plates have been reviewed in Chapter 2 and values of RL , 
with L measured in the transverse direction, were 
correlated with the flow Reynolds numbers, Re and Rep 
for tubes and plates, respectively. 
One of the problems with such burners is that u' 
and L vary across the burner. Powe et al (36,37) have 
measured the variations of these parameters across a pipe 
and Laufer (38) has measured them between parallel plates. 
It is clear that there is an associated variation in RL 
In the present work the values of these at the plane half- 
way between the centre axis and the walls were estimated, 
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because flame measurements have been associated with this 
region. Such estimates are not facilitated by the 
increasing departure from isotropic turbulence and the lack 
of length scale data as the walls are approached. Further 
complications might arise from the generation of turbulence 
by the gases discharging from the burner, but any such 
effect upon the unburnt gases has-been neglected. 
Experimental measurements of r. m. s. turbulent 
velocity by hot wire anemometer in non-reacing flows 
across tube diameter, have been measured by other workers 
(36,39-43). Figure 5.16 shows the variation with Re of 
the ratio of the r. m. s. turbulent velocity for the radial 
direction to the mean centre line axial velocity, u'/U , 
at half radius of the tube. The relationship is 
expressed by 
u 0.1676 (Re)-o-119 u (5.1) 
Similarly Fig. 5.17 shows the variation of this 
ratio at half-way between the centre plane and a plate with 
Rep based upon the distance apart of the plates. The 
relationship is expressed by 
Ü= 
. 0.1151 (-Rep)-0.11 (5.2) 
Because of the lack of data for L remote from 
the centre line of the tube, it was not possible to obtain 
directly the variation of L or RL with Re . In this 
case, the isotropic relationship between c/v and RL , 
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given by Eq. (2.20) was adopted, together with the 
Richardt expression for the, variation of c/v with Re 
across the tube diameter, Eq. (2.3). The assumption of 
the validity of Eq. (2.20) at, half radius is discussed in 
Appendix 2. 
At half radius of the tube, Eq. (2.3) yields 
c/v = 0.0075 (Re)7/8 (5.3) 
From Eqs. (2.20)and (5.3) 
RL=2.182 x 10-6 (Re) 
1.563 (5.4) 
for 100 < RL < 3000 
There are no measurements to check the applicability of 
this equation at values of RL greater than 3000, but 
it was extrapolated to a value of 7700. 
For parallel plates, Laufer's measurements of L 
and u' in a channel were used to obtain RL and these 
are shown in Fig. 5.18. To extend the range of Rep , 
Eq. (2.20) was applied to the measurements of c/v of 
Shrowed and Wortz (48) and Page et al (49), to obtain the 
corresponding values of RL . These also are shown in 
Fig. 5.18. The relationship is expressed by 
RL = 6.121 x 10.6 (Rep) 
1.593 (5.5) 
for 10 < RL. < 1000 
Again this equation was extrapolated to values of RL up 
to 10,500. 
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Where it was necessary to estimate the value of 
L in a grid-generated turbulence the data of Reg, 5O were 
utilised in the form 
x0 452 = 0.115 (b) ' 
where 
x= distance downstream from mid-plane of screen, 
b= bar width, 
(5.6) 
Ly = length scale transverse to direction of flow (x). 
Previous burning velocity measurements made in the 
present bomb and reported by Andrews, Bradley and 
Lwakabamba (25) employed CH4-air and C2H4-air mixtures. 
These measurements were used in the present correlations 
but with revised values of u' and L, obtained from the 
measurements given in Chapter 4. 
The curves in Figs. 5.1 to 5.15 clearly indicate 
the influence of both ui/u' 'and RL upon the ratio 
ut/uL . The best curves through the experimental points 
are collected together in Fig. 5,. 19. for RL up to 3000, 
when Eqs. (5.4), and (5.5) are most valid. Bearing in 
mind all-the difficulties in accurately measuring burning 
velocities and turbulent parameters, the exhibited 
correlations are significant. Practical combustors 
operate at the highest values of RL and with u. /u' in 
the region of 0.1 (51). Figure 5.19 shows that this is a 
regime where an increase in turbulence can increase ut 
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appreciably, although this may be accompanied by 
increasingly digficult ignition and stability, as 
discussed in Section 5.3.1. 
It has been suggested (51,84,85,124-126) that as 
the turbulence level is increased, so turbulent flame propa- 
gation is increased through the agency of small scale 
dissipative isotropic eddies at the Kolmogorov, high 
frequency end of the turbulence spectrum. At high 
turbulence levels a laminar flame mechanism is unlikely 
and both energy and mass transport probably, occur 
principally through small scale eddy mixing within a 
relatively thick flame zone. If it is assumed that 
turbulent predominates over molecular transport, with but 
small changes in chemical kinetics, a relationship can be 
derived between ut/ui, and the turbulent transport number, 
c/v , where c is the eddy diffusivity. The treatment 
of Spalding (52,53) in deriving an analytical expression 
for uk may be followed, but with turbulent transport 
coefficients replacing those of molecular transport. For 
constant transport parameters and specific heats, and with 
turbulent Lewis number of unity, this leads to 
üt (ý Pr)l (5.7) 
R 
where Pr is the-Prandtl number. This assumes that the 
area under the chemical heat release rate versus 
reactedness curve, and the shape of the curve, are 
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unchanged by turbulence. Correlation of the available 
experimental data given in Chapter 2, suggests that for 
isotropic turbulence, the turbulent transport number and 
turbulent Reynolds number are related by Eq. (2.20).. 
Equation (5.7) essentially is obtained 4rom an 
analogy between small eddy and molecular transport, but 
this has many deficiencies. In the limit, as turbulence 
intensity, u', infinite or ut/u' and u Q/u' tend towards 
zero, Eq. (5.7) is most valid. 
Theoretical values of ut/u,, were found from 
Eqs. (2.20) and (5.7), for different values of RL, with 
Pr = 0.7. The two equations give 
üt = 2.787 (RL)°. 
28 (5.8) 
for RL > 100 and u. /u' ;0 
Values of -ut/u., obtained from Eq. (5.8) have been marked 
by an asterisk, for the mid range values of RL, on 
Figs. 5.1 to 5.15, for u R/u' equal to zero. The 
agreement with*the curves through the experimental points 
is fair. It will be noticed from Figs. 5.1 to 5.3 that 
the point derived from Eq. (5.8) becomes significantly less 
than experimental values at values oý RL abQVe 3000. As uAjut' 
tends to larger values, so molecular transport'processes'oyer, - 
whelm those of turbulent transport and, in the limit, with 
ui/u' infinite, ut/u, is unity. Figures 5.5 to 5.15 
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show this trend. The decrease of ut/uff between these two 
limits is discussed theoretically in Chapter 6. 
Examination of the data of Figs. 5.1 to 5.15, for 
any effect of flame confinement, showed there to be no 
observable effect even when the flame was confined in a 
duct with a width as low as twice burner diameter. 
However, when the duct width was equal to the burner 
diameter, as in Ref. 19, higher values of ut/uX were 
observed. Possibly this is explained by the additional 
production of turbulence through shear stresses. The 
figures also show that this effect is reduced as the 
turbulence level increases as might be expected. 
5.2.3 Dependence of ut on Pressure and Temperature 
Many practical turbulent combustion devices 
operate at pressures and temperatures other than ambient. 
Thus the effect of these parameters on ut is important 
and the results of several investigations on this are 
listed in Table 5.4. 
in the course of the present work it was decided 
to investigate the correlation of ut/u, at subatmospheric 
pressures. This necessitated the calibration of the 
present vessel, by measuring u' and L, at low pressures 
and the results are discussed in Chapter 4. Measurements 
were made of ut at 0.25 and 0.50 atmosphere using 
10% CH4-air mixtures. The two results obtained are given 
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in Table 5.2 and are shown in Fig. 5.13 for 0.50 atm. and 
Fig. 5.14 for 0.25 atm. They show good correlation with 
other measurements made at ambient pressures'. Measurer 
ments of ut have been made by other workers in mixtures 
at non-ambient pressures and temperatures and are included 
in Table 5.3 and shown in Figs. 5.3 to 5.14. Again, these 
support the proposed correlations. 
5.3 REGIMES OI' COMBUSTION 
Since Damkohler"ts (1) use oZ the ratio of integral 
scale of turbulence to laminar flame thickness as a criterion 
of mode of*flame propagation various dimensionless parameters 
have been suggested as bounds to define rdgimes. The 
different criteria, in the form of values for a dimensionless 
parameter r, which have been used to define regimes of 
wrinkled and non-wrinkled turbulent flames are listed in 
Table 5.5. A wrinkled flame can be regarded as a continuous, 
yet irregular, laminar flame surface. Where r. «1 then 
the wrinkled laminar flame model is applicable and where 
r»1, the flame front is no longer represented by a 
continuous wrinkled laminar-type flame. Table 5.5 also 
shows these criteria after transformations in terms of the 
parameters uI/u' and RL . The equations used to do this 
are listed in the last column. 
Three criteria are now briefly outlined. First, 
that given by Kovasznay (70), assumes that locally only the 
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rate of deformation controls the break-up of the flame front, 
The dimensionless parameter, r, is then proportional to 
the velocity gradient in the cold turbulent flow divided by 
a velocity gradient in'the laminar flame. This is given 
(70) in the form 
u' a to ru (5.9) 
where N is the Taylor microscale of turbulence and 4 
Iz 
is the laminar flame thickness given by (87) 
V aR 
uR. Pr 
(5.10) 
where Pr is the Prandtl number, assumed to be 0.7 in the 
present analysis. Kovasznay suggested that high values of 
r will give continuous combustion zones, and low values a 
wrinkled laminar flame, whilst cross-over occurs where 1' 
is in the region. of unity. Introduce Eqs. (2.18) and 
(5.10) into Eq. (5.9) and the condition r. < 1 leads to 
ýý > 0.468 RL 
0.25 (5.11) 
Equality of the two terms is indicated by the dotted curve 
A in Fig. 5.20. To the right of this curve A>S., and 
to the left A<6P. 
Kovasznay also proposed to investigate available 
experimental information by plotting 
apparent turbulent flame 's eed ß {wý, laminar flame seed 
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to see whether a'good correlation is obtained. He argued 
that the r. m. s. turbulent velocity was not sufficient to 
characterize turbulent agitation but that the microscale was 
equally important. 
Second, Klimov's criterion (74,75) is that r is 
the product of the highest significant strain rate with. the 
residence time. in the flame. This takes the form 
r= L uR 
(5.12) 
Klimov argued that when r«1 the turbulent flame is a 
distorted laminar flame front, and the probability of 
damping of sections of the flame front is low; that when 
r »» 1 'volume' combustion predominates, and the 
probability of the existence of laminar fronts is low, the 
transition region corresponds to r ti 1 . From Eq. (. 5.10), 
the condition r«1 leads to 
-0.5 
,-»1.195 RL u 
(5.13) 
Equality of the-two terms is indicated by the chain curve 
B in Fig. 5.20. To the right of this curve L> öj , and 
to the left L< dg 
Third, Williams' criterion (86) is that a wrinkled 
laminar flame structure can exist when the laminar flame 
thickness is much smaller than the Kolmogorov microscale of 
turbulence, n. The latter is given in isotropic turbulence 
by (51) 
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n=X 15-0.25 R -0.5 (5.14) 
From Egs. (2.18), (5.10) and (5.14) this criterion leads to 
uX->> 
1.102 RL-0.25 (5.15) 
Equality of the two terms is indicated by the dashed curve 
C in Fig. 5,20. To the right of this curve n' >61 and to 
the left n< öR 
A wrinkled laminar flame structure would occur only 
significantly to the right of this curve. The curve, 
however, does not delineate two distinctively different 
flame structures. 
Other workers have proposed other criteria and these 
are listed in Table 5.5. Among them are Sokolik's (72) 
and Talantov's (73) amendment of Klimov's criterion. More 
recently, Chomiak (84,85) used the model 
proposed by Tennekes (109), to suggest ai 
flame structure at values of RX' > 100, 
At higher values of RA , Chomiak argued 
flame sheet would be disrupted. 
of intermittency 
z intermittent fine 
where R uvX 
that any continuous 
Since the publication by Andrews, Bradley and 
Lwakabamba (51) of a. review of theories of turbulent burning 
velocity, Ballal and Lefebvre (24) have examined experimentally 
the influence of turbulence intensity and length scale on 
burning velocity and flame structure. They used premixed 
propane-air mixtures at atmospheric pressure. From analysis 
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of their results, they presented a three-region model for 
turbulent burning. 
Unfortunately, the agreement between the present 
results and the algebraic expressions of Ballal and 
Lefebvre is not good, as is shown from consideration of 
their three-regions. 
Region 1: u' <2u and the Kolmogorov microscale, 
n, greater than the laminar flame thickness, 6, . They 
argued that in this region, the burning velocity is 
increased due to the effect of turbulence in wrinkling the 
flame and thereby extending its surf ace area. If the 
condition 71'> SR is considered, then this is the region 
to the right of the dashed curve C in Fig. 5.20. Reference 
24 gives for this. region (after a correction to the 
published expression by the authors (88)) 
2 
(u) =1+0.03 (u-ä )2 
(5.16) 
Z6 z 
With the expression for 6 given by Eq. (5.10) this becomes 
(üt 
R)21+0.03 
(RL Pr)2 (5.17) 
This expression shows no dependence upon ui/u' . 
The experimental results for hydrogen-air flames show that 
even when RL is large, ut/u., -º 1 as uz/u'-ºm. For 
example, measurements, reported in Table 5.1, show that with 
RL = 1005, and uR/u'. = 1.56 then ut/u, = 3.05. On the 
other hand, Eq. (5.17) gives ut/uR , for this value of RL 
and with Pr = 0.7, the impossibly high value of 122. 
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Region 3: u' >2 uR and Kolmogorov microscale less 
than the laminar flame thickness. They argued that in 
this region the combustion zone may be regarded as a fairly 
thick matrix of burned gases interspersed with eddies of 
unburned mixtures, and. the combustion is sustained almost 
solely by the reactions taking place at the interfaces 
formed between the combustion products and the eddies of fresh 
mixture. If the condition n< 6X is considered, then this 
is the region to the left of the dashed curve C in Fig. 5.20. 
Reference 24 gives for this region. 
u u'ö 
üt = 0.5 ( 
n) (5.18) 
From the expressions given in Eqs. (2.16), (2.18) and (5.14) 
it readily can be shown that raL RL 
i. 
If this is 
combined with the expression given by Eq. (5.10) for d,, 
then 
nQ a 
ü' RL 
} 
(5.19) 
Substitution of Eq. (5.19) in Eq. (5.18) gives 
üt a (ut)2 RL (5.20) 
and ut/u, would decrease with increase of RL at 
constant value of u. /u' . This is contrary to the results 
summarised by the curves in Fig. 5.19. 
Region 2: u' -- 2 uz and n= öR . The authors argued 
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that this region lies between regions 1 and 3 and the fresh 
mixture contains eddies which are both'larger and smaller 
than the thickness of the flame. They argued that in this 
region, two different mechanisms for augmenting the surface 
area of the flame operate simultaneously. 
(i) The flame front is wrinkled by all eddies larger 
than its own thickness. 
(ii) The area of interface between combustion products 
and fresh mixture is significantly increased by 
the eddies entrained between the inner and outer 
boundaries of the flame zone. 
If the condition = aR is considered, then this is the 
region indicated by the dashed curve C in Fig. 5.20. 
Reference 24 gives for this region 
ut =2 u' (5.21) 
and in a dimensionless form this becomes 
ut" 
2 (uü, )-1 (5.22) 
This expression shows no dependence upon RL . 
This is contrary to the results summarised by the curves in 
Fig. 5.19, 
In Chapter 2, the measured length scales of Ballal 
and Lefebvre (. 24) were discussed and shown in Fig. 2.10. 
They Indicate a poor correlation of L and X, contrary 
to what would be expected in isotropic turbulence. Errors 
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in length scale measurements might explain the 
discrepancies between their results and those of the present 
study. 
5.3.1 Effect of Turbulence upon Flammability Limits 
Table 5.6 shows that the effects of turbulence on 
ignition and flammability limits have received only limited 
experimental attention. Historically the investigations 
of Wheeler (89) are significant, because of the conclusions 
concerning the effect of turbulence on flame propagation. 
He realised that turbulence did not necessarily increase 
the burning velocity of all flames by the same relative 
amount. He also reported the first observations of turbulent 
quenching of an initially propagating flame, a phenomenon, he 
concluded, that would occur first in those mixtures with 
lower burning velocity. 
Most quantitative investigations have been into the 
effect of turbulence on minimum ignition energies and all 
show these to increase with turbulence intensity. Most 
practical systems ulilise energies much greater than the 
minimum ignition energy but an increase in turbulence can 
result in an ignition failure. 
Spark ignition of a mixture is a form of thermal 
explosion, and critical conditions for its occurrence exist 
when the rate of, heat liberation from the reaction in the 
spark kernel becomes equal to the energy loss from the surface. 
I 
133 
The effect of turbulence parameters on flammabt. ltty 
limits have never been quantitatively investigated, apart 
from the investigation of Karpov and Sokolik (97). 'Andrews 
and Bradley (106) showed that the actual measurement: of 
laminar flammability limits was difficult and that under 
certain circumstances gas mixtures could exhibit limits, 
whereas in an infinite enclosure a flame could propagate. 
Hence true flammability limits which are independent of the 
ignition source and the enclosure-are difficult, if not 
impossible, to measure. Fig. 4.15 shows how-an increased 
level of turbulence narrows slightly the lean limits of 
flammability, whilst the effect is more marked at the rich 
limits. This is in line with the results obtained by I 
Karpov and Sokolik (97) in experiments in a nearly 
spherical vessel equipped with four stirrers driven by 
electric motors, by Wakisaka et al (102) in a two-stroke 
cycle gasoline engine, and by Hamamoto et al. (105) in an 
L-head single cylinder engine burning propane. 
The results of Fig. 4.15 and Table 4.4 are expressed 
in terms of the dimensionless parameters employed for 
burning velocity correlations in Fig. 5.19. - Values of u 
were taken from Ref. 106, for methane-air 
mixtures 
and from 
an extrapolation of the data of Ref. 32, for hydrogen-air 
mixtures. Values of v, for determining RL , were 
J 
rý 
computed with the programme given in Appendix 1. Figures 
5.21 and 5.22 show that the flammability limits could be 
correlated in terms of these parameters. Indeed correlation 
of flammability limits in this way is not entirely satisfactory 
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because of the limited knowledge and accuracy of near-limit 
burning velocities. 
Karlovitz (107,108) argued that if 
6p uý >1 uR L 
the heat of the combustion wave is rapidly scattered and 
the flame is likely to be quenched. With the expression 
given by Eq. (5.10) for d, , this condition leads to 
ü; '. c 1.195 RL^0.5 (5.23) 
Equality of the two terms is indicated by the dashed curve 
in Fig. 5.21 and the dashed line in Fig. 5.22. This is almost 
parallel to the present experimental results but with lower 
flammability limits. 
The only known investigations of the effect of 
turbulence parameters on the flammability limits in the 
literature, are those of Karpov and Sokolik (97) in a stirred 
bomb. They investigated the effect of u' and spark energy 
upon such limits; which were shown to be narrowed by an 
increase in u' .A twenty-fold increase in spark energy 
extended the limits of propane-air mixtures at atmospheric 
pressure. 
Figure 5.22 shows that burning was possible with 
other fuels and in other apparatus, to the left of the 
presently observed flammability limits. This suggests 
that in no way do these limits represent universal limits. 
135 
An explanation of the discrepancies between the results 
of the present work and those of others lies in the limited 
size of the present vessel. Perhaps limit flames had not 
become fully developed and therefore quenched, whereas in 
a larger vessel if a critical flame diameter had been 
attained, propagation might have been possible. This 
question is touched upon theoretically in the next Chapter. 
5.4 SMALL EDDY STRUCTURE 
An attempt was made to relate regimes of combustion 
to flame structure from the available photographic evidence. 
The first photographic studies of turbulent flames 
were simple time-averaged-photographs of the luminous flame 
(110). The only relevant information these yield is the 
time-averaged flame brush thickness, which has always been 
found to be greater than that of a laminar flame. The 
most useful photographic technique is that of short duration 
exposure or spark photography. This technique attempts to 
freeze the fluctuations, so that the instantaneous distribution 
of optical inhomogeneities within the turbulent flame brush 
can be examined. 
Both shadow (111,112) and schlieren (71,113-117) 
instantaneous photography has been used to examine the 
structure of turbulent flames. The instantaneous structure 
revealed is qualitatively similar for a wide variety of 
conditions and consists of a randomly distorted discontinuous 
'optical surface' within the turbulent flame brush. Particle 
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track studies (17,118) indicate that the instantaneous form 
of the reaction zone is similar to that revealed by the spark 
schlieren photographs. Karlovitz et al (3) and many other 
workers (17,114-118) assumed that the optical inhomogeneity 
detected by the instantaneous schlieren photographs is a 
laminar flame reaction zone. However, Dubrovskaya et al 
(119) using 5p sec, spark schlieren photography, have found 
that the thin surface of flame, characteristic of laminar 
flame, was completely absent from photographs and the 
observed reaction zone was much thicker. 
Summerfield et al (120,121) obtained spark shadow 
photographs of the reaction zone of mild turbulent flames. 
The time resolution was sufficient to freeze any wrinkled 
laminar flame that might have been present. The pictures, 
which are similar to other short duration photographs, were 
interpreted as indicating a highly granular flame zone, with 
many cell size irregularities as small as 1mm and possibly 
smaller. This observation was thought to be inexplicable 
on the basis of a mildly fluctuating laminar flame structure. 
The optical inhomogeneities were attributed to 
statistical fluctuations of temperature and composition. 
In their tests the turbulent burning velocity was less than 
six times the laminar burning velocity and these conditions 
would lie within the wrinkled flame regime of Fig. 5.20. 
More recently, Chomiak (85) has obtained spark 
shadow photographs of exposure time about 10 p sec., of a 
turbulent flame at high turbulence levels. These photographs 
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showed a distinct structure of width approximately equal to 
the Kolmogorov microscale and which Chomiak assumes to be 
a vortex tube. This was thought to illustrate that 
turbulent burning zones at high levels of turbulence consist 
of strong, loose vortex tubes in which the chemical reaction 
occurs. Ono et al (122) have obtained schlieren photo- 
graphs of a high tubulent flames,. They showed that the 
mean size of wrinkling of the flame front is close to the 
corresponding integral scale of cold turbulence, a result 
which had been obtained previously by Lwakabamba (123) in 
his studies at Leeds. 
Instantaneous schlieren. photography records the 
sharp changes in refractive index gradient caused by 
combustion. The schlieren photographs of turbulent flames, 
obtained in the present study, enable the nature of the 
reaction zone to be examined, as described in Chapter 4. 
The curves A, B, C of Fig. 5.20 do not delineate two 
distinctively different flame structures. Schlieren 
photographs of flames were compared for two regimes in 
Fig. 5.20. At high values of RL with hydrocarbon-air flame 
values of ui/u' in the vicinity of 0.1, a pronounced small 
scale structure was in evidence, in addition to the macro- 
structure, as shown in Fig. 4.22(c). For a 20% H2-air flame 
with RL = 1522 and uR/u' = 0.6, which point lies to the 
right of the dashed curve C in Fig. 5.20, a small scale 
structure also was revealed. At comparable values of RL 
but-with-hydrogen-air flames with values of ui/u' greater 
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than unity, only the macro-structure was in evidence. 
The appearance now was that of a wrinkled laminar 91ame. 
Reference to Fig. 5.20 shows such a flame to be in the 
regime where this structure might be expected. The 
present evidence suggests the wrinkled flame regime occurs 
for ui/u' >1. 
Outside the regime of the wrinkled laminar flame, 
the dissipative eddies, that have been observed photograph- 
ically, very probably play an active role in flame 
propagation. If this is so, the apparent lifetime of 
these small eddies might be expected to be of the order of 
the cold Kolmogorov time scale, to . 
5.4.1 Apparent Small Eddy Lifetime 
The apparent lifetime of the small eddies or veins, 
t, shown in Fig. 4.24, together with those measured by 
Lwakabamba (123) in the present vessel for 10% CH4-air and 
5.77% C2H4-air mixtures are plotted in Fig. 5.23. In line 
with the correlations of burning velocity these are expressed 
in dimensionless form, with tE/tn plotted against n/u9tn 
For isotropic turbulence to is given by (51) 
to 15-0.5 ü (5,24) 
Equations (2.16) and (5.24) yield 
to = 1.681 
L RL-0.5 (5.25) 
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The time, n/u& ' is a notional chemical 
lifetime for the 
small eddies and is the time a laminar flame would take to 
propagate across a vortex tube of diameter n 
The small eddies which were observed photograph- 
ically might consist of. already burnt or of chemically 
reacting gas. Dissipation along a vortex tube ultimately 
will reduce the temperature gradients and eventually it 
will cease to be visible. 
The value of t will be a function, not only of 
the eddy lifetime, but also of its temperature history and 
the sensitivity of the measuring system. When initiation 
of chemical reaction occurs, there might be an associated 
induction period, during which the vortex tube is invisible. 
When a chemical lifetime is longer than the eddy lifetime, 
the continuing reaction might render the eddy visible for 
a longer period. 
. 
In these ways there might be a secondary 
influence of chemical lifetime upon the apparent lifetime. 
These considerations receive support from Fig. 5.23, 
which indicates that small eddies are visible for a period 
of time most probably in the range of values of t /tn 
between 0.5 and 1.5. The secondary influence of chemistry 
might be discerned in some tendency for the value of t&/t 
to be small or large in concert with that of n. /uttn . 
But although the photographic technique reveals apparent 
eddy lifetimes to be close to Kolmogorov times, it cannot 
yield accurate values of their chemical lifetimes. 
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The'distribütion of experimental measurements in 
Fig. 5.23 suggests that lifetimes would be described more 
accurately by probability distribution functions (pdfs). 
Furthermore, such functions should also be a function of 
the reactedness. The present photographic measurements 
are based upon the eddies at the kernel edge, where the 
value of the mean reactedness is low. 
It has been pointed out in Chapter 4 that for 
hydrogen-air mixtures the number of frames 'upon which a 
small eddy appeared was small when compared with hydro- 
carbon-air mixtures. An eddy might appear only on a 
single frame for a 40% H2-air mixture with a fan speed of 
3,5000 r. p. m., whilst for a 10% CH4-air mixture at the same 
speed, an eddy might appear on five frames. Accordingly, 
the measurements in hydrogen-air mixtures are less accurate 
than in hydrocarbon-air mixtures, 
5.4.2 Small Eddy Density 
The measured normalised photographic densities of 
the small eddies, Y, which were reported previously in 
Fig. 4.25, are reproduced as functions of RL and uR/u' 
in Fig. 5.24. Dashed curves at approximately constant 
values of Y have been drawn through the experimental points. 
Figure 5.24 shows clearly that these curves are 
parallel to curve C in Fig. 5: 20. Values of Y increase 
either by a decrease in uz for a given turbulence level or 
by an increase in turbulence for a given mixture, with the 
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former exerting a greater influence. The figure clearly 
shows that an increase in turbulence, increases the number 
of small eddies with an associated increase in ut . The 
quantitative measurements of the optical density of such 
eddies confirm the importance of small eddy burning as 
curve C is approached. 
U) 
a) 
4) 
p 
104 
N 
4J . r., 
14 
0 
41 
ai N 
P4 
va 
0 
N 
N 
N 
cý 
4) 
N 
N 
C) 
a 
w 
r-I 
N 
H 
0) N 'V N Q1 ý-1 i n co 
a p 
ß; H N qd' lD CO O "-I 
ri H 
r'I 
U 
N U) 
93 v H to O M co in M dp : 3: 3 
. . . . . . 
O 00 NN a1 4}' M N r-I a-I r 
ti 
of 
W n 
-t 4J I m O fl u i N O N :3 :j 4 H N N N N M M 
co 
a - 
ß, ' M In N 01 ri M 
. -1 
U 
N 
N 
N M r-I %D %D O in N 
O1 M N 1' CO in N O 
d(' 
O DD M N M N r-i H u-I rl 
M r- a-I 
N 
N I'N N lO H CD to Iq 
M 00 M w a N e! ' N 
4J -t 
r-I H N N N m m M 
a h Ln m N CA in N 
x -I ß'1 N O 
N 
111 
U 
NN 
co OD v 0 
13 ca 
H 
O en O c0 N 
tO 
dp 
N N ýf' N H r-4 O O O '0 
r4 
of H co H 
lO 
N 
H tO O L 
o 
H N M M V' V' in in 
H 
.I 
U 
N 
NN 
ý tO 
El ca I in -I N . -1 O 
of 
N 
to 13 
w w O n g $ S $ g ä N L V1 N H H N N m M 
142 
143 
x 
14 0 
4J 
U 
N 
a. 
w 0 
N 
iJ 
N 
Q) 
Ii 
Q1 
4 
NI 
tf1 
G). 
ro 
41 
'r pq 
U 
dP 
0 
4J 
3 
s ý a 
r4 
" U 
N 
v 
u 13 I `n N dP N 11 C4 O 
"-4 O O 
il 
12.1 41 r-4 9 
`ý rn a 
U 
G1 
V' iº f'1 
fa `° u " o O 
o O 11 
N 
,a d 
w a ä 
144 
En 
N 
N 
O 
U) 
0 
a) 
P4 
w 0 
cd 
N 
A 
-"-ý 
fll 
a) 
N 
MI LA 
N 
ro u " 
ro w . -I 
w U) @3 o 
i fli i 
ö ö 
2 m 
9 )0 ag p 
-4 0 9 44 113 Gl 14 14 ri 44 
, =1 
' N -1 N '" I z a g 
ro 
w ß+Yä 'ý z 
10 Id w 0) " 
a 'd' [p 
.. U) 
Co 
r-I tf1 
O 
" 
N 
, 
93 "" v 
_ 
}a v 
"" a UI " 
"' 
"" a 
a 
UI fr1 
(d 1 
0) '-I , G: 
0 `n 9) "1 9-4 w 17 w 
t 
. I. 
r.. ý 
dp 
r! 
. 
R7 
. 
rd 
4-I 
N dp ap 
dP 
1 rn 
" 
"d r- 
. -. rI " " C) G) M a rn fýl " GI frl 
0 Oro 
% 
r. Ný I 
N `ý N r1 
d0 
D 
it D 
@3 1 
UI 1 
rorn 
dM rl 
p II 
0) 
> II 
v1 
romay, 
G) .1 N rn 
N 
N 
U1 l0 
N 
O 1n 
l" N 
ri I1A 
M 
Ei N N L O N M 
0 N 
r-i 
X M .O 
Q1 Q1 O 
I ý 7 I H ' 
' lC m Co ' 00 
N " tfi tr1 
H Ul 
Q . -I . -I H 21 rl 
v, H 
H N O N N N N N N 
In 
0 a ri "-I .1 r-I . -i r-1 H 
" 
" sý I. 4 4) C, 4 1 ä 4 m Co 9 i , 0) ä k 
4. ) 43 m 
1 
0 13 
e 
W U N ?4 N M 
0) H N ,M LI) %D r- 
4 
0 
0 ) N b 
e 0 U-4 :0 -H 0 tu tu P-4 H P-4 54 .2 9 u 
41 y 
2 2 ý 4) 
145 
4I 
0 
U 
", I 
N 
C 
aý 
a ä 8 ä 
i i 0 u" rd 
Vi "-I N 
ý til $4 ti) a ' 
,0 i a C) 
CD u aa) ro 
0 
2 
41 4) 
0) 94 Ln I 
4J 41 `y C b. - 
4i ro 'ti C) 
.4 y4 . "1 " NO (d x +1 14 } -A r4 Ln W 
N4 
0 I 
b 
l ". I wN&NO D 
ü uu ü 
0 l oi i 
w 
as Q) t3 r4 n k 
ä 
O c Oi . -. 
.. G) " C) W 0 `0 'V' 
a co 
14 C 
a :. U) I Cl) "v 
' v vN 
ýy 
v 
(d N id m " tc1 " "W 
0) 4) 0 zN W. q WN W 
O - + co 
" b i .. M Ili %D tl1 N d' dP . -1 " O) . -I dP 
r-1 " }{ . " do to " . -1 - l11 1 N a0 M r-1 LA I N N V-4 `ý II II 
El -r4 Iý N Iý N :3 XH ý 
Q 4i Nm Ol r-I N ti' U) W d' ', 1 G1 MM r-I "-1 M r-1 ri "-1 Crl 
Ln IA 41 
Vý " lG Q1 
ri N 
0 a1 l I 1 t I 
W 01 01 C) " t0 
10 LA N W N 'd' 
l0 
O 
N 1 I 
X C D') H 0 N It) 1 N 
1N W lO M U; f') 
N 
N "111 " "M . -1 N "lD N M Ln M 
" -1 N tl º -I 
N 
H U 8 N O N N lG rl N H H I. 
n (. Q 
a ri H H H H 
Q 0 
a) 
"A -A 
0 N N Fý R 
ä °' °' rn i ä w w 
co rn r4 r4 HH r4 
ro 'ý b 41 
1 
0 b 0 ö 4 4) 
0 U) 9 (u 
0 
4 
Ö 
W 0 Id A 
0 
N 
N 
N . i ) ° ° H r c n ý 4 p w 
146 
4J r. 0 
U 
M 
In 
H 
m 41 la 11 
r4 0) Q) 
4 2 2 C) ä ö 
"ý ro 
i 44 
4) w .> 
I0 a 0) U) a) 0) (D 4) r-i °a 
ii W . i ON 
.0 A W -H 
ý4 g 
4J 4J 
1 
0) V4 
, 
V) 44 r-I V 
r-4 4 
U) (d ) 
"1 
w a, W ,ý .. .. a .. .. . ýr xNN r N Na to 
0 U) Ln t L ii a t L, Ln o a % to Ln N t)4 Ln t3l t; (D N C7 M W v W v ri W W 
" In 
IFd l0 l0 
^ aä N C° `° '" ' ro 
O 
r i ) . 0) " t7 d co C) 
N aM ý 'ýi I I i' 
I En . U) I (a U) VD I 
lM IN r? (1) b4 " 
ý ý fi 
:v 
1: 4 . 
rl en M M M M N 
to %D N N It CC) 
N N N p4 . I ' 1 I 
ý 
q " co ! - 1D 1 0) 
`-' N N 10 CD LI1 co 
^ 
a) tN ºn aD 0 
"-q 0) N V0 O 9 in %D 
X co N N co Ln 1 ? r-I 
' 
1 i 
N p4 () 
9 
r-I . -I 
Q 
IV r- co co 
r -i f -1 N N . -I 
^ L) U) 
H U O N N N N 1 N 
O 
In an 
N 
134 H P4 P4 P4 
N >ý 14 
4) 
4-J 0 4) g 4 
N 0 ° 
a 
Ö Ö 
'O u i H ä ý ä w cý ka 
w 4) 
ai "1 
CD 
. -I ý"a 
Ch 0 N N 
4J 9 °ý ° 'd0) d 4) b> bý N O 0 N 
N 
4J 
CJ 
A 
C . 
M-H 
rd U i+G UAL Id "4 .g E-4 
1°1 
N 
rt1 
N 
b b 4J 0 F-4 (d 
Ö 0 
H 
ý' ý Q A4 Y rtf 
b 
N 
H "1 id + + º i N >> 
147 
a 
4.3 
ö 
U 
M 
N 
Q 
w OG ) " rl 4) r -I .Q0 ý {. 0 b, b+ ,q -14 
U) id 
) Ö bO 
, 
%0 W 1 4) 
ro 
10 
b 
° 
Rý 1 O 
a) 
'CT 
N 
j 
ý ýa U) fd 
0 
4J J 43 6) 
: 
J . 41 °'b ýb N + ä + ci r-q W 0 iW 
d 
4) 
1 
M & 
I 
Cl 
ö 
a, 
1b 
o r' 
pw ý 
ro 
l 
' 'r mI $4Nw cne 
w 
c i 
om " V ' "QO C to to 
O ri N rd 
N W G) 
kD Ln 41 N r4 UI 
0) A W ý (n j M v V 
4J N 
"aý "'`ý co "rni C0 ltj 14 . o, . b " v W' 4) -" WIn ý-I ." m : 4J NN . 'i 
m Q1 N N ( V 1 N j 
N 
MM 
0 
l >4 8 
Id Ln . ,. ý 
Il 
(d co 
f 1 0 w ý" ' " Z Z zN 
w N N N N 
r-1 N N M " 
Q : 
N M 8Mfm to "N 
} + 
O 
d' 
Ö 0 In 
0 
X " 
s 
"-i 
N "-1 CD N 
N L N 
N 
H 
^ N 
4 
O N N N kp 
CO m 
N 
N 
0 
9-4 H 
N N $4 -ri 
a N 
w (U ßi (n N Iq N Ln N NN 
O rd 
N 
N 
9 
:3 (d W $ (d 
FC . -4 q 4) 41 
pt 
r 0 4 
-9 
148 
43 
aý 
ii 
id 
v 
U) N 
G1 
P4 
w 0 
41 U 
C) 
W 
4-4 
W 
In 
11 
P4 
Ln w 
N 
ý " +ý H (a 
aö 0) tT U II w 
E-4 io - j j 
41 9 
: : : 
0 Ö Q 
ýv 
41 (D C*4 
to R 
b 
O O 
a a H P 
H 
N N 
G) 
M 
NN0 
u 3 
v H 
3 QO" Ln O 0 0 62 
O 
n ä 
" 
ä a ýw äö w 1 4 *M U) a 
N 
P4 
0 sö 
0 En 
+º 
En 
iU 
0; 
O 
v 41 (c 4 c-t U) V :3 :3 Id ö 11 4j 
F3 U 
co 0 
O 
Ö Q .1 QQQ1" 94 
Ul 
t3l g 
. 
1 
tI M - " 
(1) 
d 
td N . -i 
" 
d ý 
0 
iN - ý i r-I r 
:3 E4 4) 4J (D 
$ W 
14 
4 
I " 41 r-i 9: 1 4J - +i ca O Gl NO Gl 
I g ý 
1ý 0 i Gl 
O 
H -1 
- 
"-i 114 W 
(D $ ß4 Dr 
. bi 0w 4 . 
a) r-I 44 ý ro (a Ä ý 
- w 
ö' ü (1) 4) N 1 w ö 
ß 0 
i 41 
ä 
1- 
ü 44 $4 
N 
." i 14 b ý 
GJ 
NI 
C b .I 1 + 
ä ä a i + O3 i 
r. (1 ON "q 
ö' "ý 0 M öý ö ä ä ä 
" i M w -r I. n r co in 
a co 
14 
0 
ýd 
ä 
D 
4) 10 0 
41 
(1) 
w 1 a cn . 
149 
4i 
0 
ü 
q; r 
LA 
HIH 
II 
M 0E+ 
0 t3 
W 0+ +) 
W 
ýý 
(04J 
0 
4) LA 
Ö 
41 01 
fC bý 
r-1 
+m p W 
cd HM 
504a nn 
N H1 HH 
N 
" N 
In 
ö4 
0 
; ý' 
u1 
' 
C) to 
U0 + ää " 0 H 
N ss rs 
ö 'ý 
" ty a 4J ot udu eS Al b 
:3 :3 :3 41 
0 co 
W 
0ý] 
to q jJ 
ý 
N I+ 
a, i 
l N t0 
H 
th 
fh 
ýi P4 CL, 
14 
0 in r 
b+ 
u N 'dp N 
9 
ýd 
>1 
b 
Cpý 
F U w'CI .1 
GLý) 
10 
g , $1 Q 
b' 
" 
rq :3 
N 
#-4 
AW 
" 
U U öÜ 'cl 
v Ü fl Ä g NÜ 
rt! 
CD 
-14 
44 W 14' ,1 4j ri 
rl r-4 
(1) 44 
Ä NN A O) rtf 
G) 
to 
G! 
0 
C) 
+ý 'd .qÖ r 4 
J to N P4 ä w0 
b ro 
4J 0) 4) (10 
19 P4 a 0 
ä ä 
ä ýw 
o 
Q a) to 
AN 
44 
FA 4 
qý > ý 
U1 
9 
4.3 N 
9 
Id . -1 
+ý 
rts N 
" p 
ö rtf 
114 ax 
td 9 
0 
9 
. =1 i 
to H ä ß+ H 
150 
0 
u V 
le 
in ko 
() " N 
0 
Id z HIS, N ro a [4 
W tf tl 
G) 
OV 
8 
rd a In 
H 
in 
N O 
C) r4 In p 
O-F .q ed 
ri 
0 ýä öä 1 
N `-' " t3 a ty 
:3 :3 43 
N 
N 
Ob N 
äaß 
b 0 O 0) " I -. 1 
oq 14 H to P4 4) >. 
u ýä u fd . qba, 4 1 I 
4 4 ý Ur4 rd 
4J . U 41 
C " d) 
C) G) 14 N 
to fd ° ää 
, a 
m tn Ea 04 r-4 
" 
., 4 #4 
4) ro ro w v 
0 0 
U) N 
rd fd 
4a 0Lo l0 N 
N %0 %D W ä 
a 
'a ý I fu I 4igr ' +1 N p U EN Q 
151 
43 
-ri 
U 
rd 
w 
N 
rd A 
id 
a 
b a, 
3 
In 
N 
NÖ 
1 " 4 til (d , N .. a $4 
-r4 14 1: 4 
+1 0 
4d 
04 
:3 II p ýO 
ýý it II 
ä ä 
"o '0 
In N 
rl 
l 
aa as 
rn r-I w C14 
A co tO 
-fi a r-i 
v 
--t I ö cU 
-I n 
$4 .01: 3 
Ac-.. 
a) 
ro U 
44 
U) 
0 
0 
4) -H rq 
oz I 41 
13 
14 E) 
wa 
uu 
w 001 
Ö 
0) 
14 
0 41 4) 
a) 14 4) 0) r-4 al `4 rd ro 
H 
gw b 
14 0) ä b *' ON 
-4 t 41) o I u 
Nb G 
(a 
w -4 aý 
ýw .c N 
0) 19 
t+ UgUN 
#A 0 4) 0 . 9-1 0 0N 
O &4 of 
rl , ^! > N 
. -1 II u 
ö 
. -1 1d rl . -I 
.. 
4-3 14 0 b $ ro 
41 
4) 4J 4J 
14 
il II tl 
W 
. -1 co Orn 
0) `° 
14 14 
0 
N o 
41 N 
Ü rd N a 1.0 Aug 
152 
Ü 
v 
4ý 
I 
rd 0 
C): 0 Ný4 
. 'y . }. 
) 
. RT 
0 14 
0 
44 w 
d4 
r-4 
v 
v rtf 
ýd 
0% 
Ü 
0 .. ä 
W 
0 4J r4 0 > 
A GJ 
+-1 N 
.. 
1 rd 44 
V 
93 
N 
to 
v :, 14 
0) 
0 0) 
F-4 4) 
:3 tyl to 
113 
cý w a Ä al 
:j 
+3 b+ 
4J 
4J ai Hsi IH 
II Q 
(L) 44 A 
id 44 `ý 
I 
E'' 44 44 ä 
W 
a "" 
iü 
++ 
d 
r-I C) W 
0 0 
Pa II 
II 
id 
0 
w 
C) C) 4.1 of ný (d 
uNi ý 
r-4 aý aý 
U 
H 
1N A E 
N a 1 
U) a 
"ý U) 
r 
w+ 
0-4 N- 
. ibl 
0 
'Jr 
r 
R1 4 . 
r -rf 
"4 
O 
a) a 
AÖýW 
El 
*r, 
ILO 
i 
II 
d 
11 " tf) 
U) 
rt 0 
G1 C IH 
01 tn 
" 
W ä ä 
Ala 
4 W 44 rt ` a14 91ö 
4) rt0 C 
c. » F: II 
W 
0 
W ri N 
14 .1 nd ö 
ý x x 
0 3 to 
153 
0 U 
"[ In N 
0) 0 
Id ä r" n x m äö a a 14 ö " o ? '0 
, Jý N II :j 11 rl 
II 11 II 
14 II 
CO do a wI as 
In 
N 
1 
s 
m 
0 
0 a . 
o a X w J 
> 4 0) in Olt N ., 1 
\ 
w (Y, N 1 N 
M4 to 
cp 
I 
" r-I 
V 1ü 
. - r-1 + 
'- A 
A A V 
s 0 s a ' a 
a) 
w o 0) 
. 
ý 
X Ü v N 
11 .4 . 
14 44 U ) G 
0 4º 
F. . -i U U1 
y 4 
.. 
ºd 
54 0 
b iý b 
M 
i+d 
'a 
N 0 
4J 4 -I "-1 44 U 
N 
14 
" 0 I r 0 . I +. 
"" w U II 4) a) 1 to td a) b 0 4ý R II a ýa 4.4 (D a ) c a + 
a", U- 
II 
b 
a 
aw i 
o 
nd 
I cn cd 0 .i . -4 a) 1 
(D N 
ý 
U 
w 
"" 
0 
0p (a 0) 41 
14 0 U) 
.0 
3 ý} 
NO H .. N H 11 
U . - .. 1 94 r. I :, I :1 9 1 ý l uH lbt 44 . 01 11 o a ö aD cj I - 4IR I + i 0 uw to D :5 ý ý Q) U 11 II ( 41 11 II 11 II rtf 11 w c.. c-4 14 0 C. + of 
" 0 w CO N to ä h N CD co 
N 
fd 
ö °1 
1 -ri 4 
H ý H A D itl m 
154 
Ü 
I 
In 
N 
rd 04 
a) o 
W -H 
In 
tr0 h 
O ý 
` :j 4J ä a II ä 
0 14 N A. ö 
(D l1 0 to i 
ý 
Ln P4 n 7 Ln 
" w `° ä 
II n n 
1- "o°t ark 
. 
t LI 
:3w 
N 
0 
N N 
H 
4 
, 1" a N1 V AN 
rdq 
v 
rt 'a 
A 
4 n 0 I 
aG`: 
1 U 
II "- U 
_ A 
'd o 
N 
m 
0 
W 
N U 
Gl U ýº 0 
CD C: 4) u 
>0 
4J 4) 
a) 14 
-ri E) 
:3 
r4 0 44 ° _ 4 I 44 to) rg 
. -t N U U Ii 0 
a, alt o 
a -H 
m 
I 0 
-H 
ö ti 4 
- ^. 
U z aº N v >' w H >4 a 
0) $4 
" 3 1 
A ä 1-1 '" 
A of 
rlo 
i r H Ö II O ý-i 
I 
I 
N v ° 11 > II 
F-4 U a ä 
W 
W 
M 
OD 
.0u 
CD CO 
M 
N 
to 
co 
Ö 
H H 
3 ý ýý 3 
155 
b 
r. 
0 
«a 4J 
U 
G1 
r- 4 
A 
W 
O 
41 
W 
W 
GI 
A 
iJ 
0 
41 
q 
0 
41 
N 
C) 
H 
In N 
+i u +º 43 N r. ro 
A 
4) N 14 
" V °' bw u Id a, 4J 
4 bý 3 
NI+1 
U) 
E 
0) $4 (d r4 TO 
aa) 3 rt v 0) lu 0 a) 
N 04 
3 
Ü +) 
N H 
rt1 N 
b3 
43 fa 4) 4) 4) 
N 
tin "ý 
Ul 
Id 
14 0) fa rd ý4 (a 4) 4) 44 U) w 
O ývO ý >r + +1 Nb 
4J (d Ul r. u 
. -1 44 vi to N O Li r. 44 rq 0 4) 
0 04 14 
o "r a V4 w 
W P4 44 " u 9 nj 9 öW0 1 r4 b r-i 
4) (D r-I a) w 54 w 
id ' 
C: 0A4 
4) 
4- 
9 44 -4 ca 
u 
'i 
Nm 
A 
V 
HO 4-1 14 94 4º Q) 
a) 0 .ý 
u 
ro H 
O 4J 10 i. W O "Q 3 b 
° 1 0 .P H O 41 U) b" a) H 4 .) 4 0 41 to 41 -H t ai U b 44 V 43 to r+ 4 " 41 0 44 ýt -I 0) 44 ° 14 r 
tp 4 
Id -H r 
u° 
O 0m u, "4 
E) 
a0 
. Uä a) rd 
4 
00 
41 N . 4J a) u o 4) H b wö ä H b rn 
" 
w 
4 
10 0 
ci 
0 O ö ü 
a % ° r 43 
4 
9 "r 
°' 
)0 
(d 0 
°) 
g 
``a 
4J Ga) 
41 
) ( 
ä 
a 
9 
rdx 
L ro 
9+ ro H ö "4 O 
H1 H 
cu 
0) 
$4 a 4j 00 id r $4 
a) to "-I Iti 
4 
"-4 (v 44 
. tp 0 0) r-4 9 ö 
rtf ". 4 uý t, N 
Hä 
to 0) ai 
ä ro 
W 
. wI c 
(n 
+ 
0) i. 
a :n 
q +1 Id A r"1 u 0 41 W 
ß 
4 . O 
. a N bu i ° w f w '4 i 0 00) C40 0) 
ä) v, 
+ 4J r " l a 4J L) U) 4J uq .u 9 P4 M 0"4 :3 r4 41 (1) 44 J ". A rd 0 9"4 :3 . - 0 ce rl 1 b A 
4 4 A Ä 
"al i ." 09 " i 
N 
1 
I0 
C0 UH 
ývý tH u m 3 
44 
Vý 
äº 
Q) 
tT w 
ON w 
E4 
1 H H .4 
u"i 
ä w 
C) rn V-4 M rn 
; in ac 
b 
4, 
0 $ 
a) 
4 ) 14 C "o 
4 
ä °1 ß a , ä ä 
En 
to 0 0 
156 
0 
tD 
pNq 
H 
O 
O 
NO 
W qý ro 
41 14 
3 
Oý g 
> id O 
O4 
41>7 -ri 
U 44 . -i O 0) 0 4) V 4) 
4J 
Na0 
{ý). 
4 N la o 
E3 r1 pq 
co Oi v +-I 
qO Cº 
U to N 
a 
OA ++ . - U( 
0 4-1 O 
H C) 
d to N 
N 44 41 
OO 
J º1 NC 
oý 
.4 
, to 
N N +º 
13 
) 
44 
41 +-1 W 
1-4 4 
U ý4 (d 
t! 1 
b aý aý V 
+ý u ri 41 
1N to '' ,ýoN 
41 (1) 0 V4 1ýO is 
w °'M -I 
x aýcriId ro ri 
44 
O 
0 104 
.4o "N 
tn 93 W 4-1 
" 4) 
bH9 {J 
11 0 
41 
Ü 
to 
N 
00 
U 
44 .i A N' d 
A 
. N ,q 
c4 N 
C)ý 0) 
ö 
4 
41 
41 N 
0 } 
m 
AA ro 
Ä wbü ýd m 24 w ON a id 
ä4a 
b 
U 
O 0 
W C! ýd 
0 
o 
) 0 
N0 
to 
t 
On 
N" 
4p b u 
+1 -I +O 
Ö-I 
bo, 
tr+ 4.3 
iÄ 
:0 U) A 10 
0) A 
ä 
O 
41 i 
1 +ý 
ti+ '4 
c 
93 p, b+ 
(1) 
N+) 
qj a) 
14 U 
' 
wO0 
I1 O 
04 
n 0) 
a0 
4 
Öb am Hu 
U bº 1 + 4) 3A W UO 'C7 ro . -i 1 , 
c 
4) ro -. 1 
~ Id 
O C1 
H- i (d 
0) 
9N4 4 
BOAlad O 
d N 
Gl U Li 
NC 
, ý 
" $4 
O 
41 W4 
r 
4) OW 
N 13 wO 
I 
C) 
O 
00 
" $4 M4 1 
yýJ 
ý 
41 
tr! -A 
. 
+1.1 Ol .ii 
O4 1 - - 
o ., ý uab adO ºd0N 01 A Gl rog a>1 +l - 1 ) url0'oq ro u" bwcr 
"ý1 a' 
Id 
aoa, 
fwd 
1 4 
-ri tT U) 
r. -r1 p, 0) tr+ 
. 
ýI 
% 
N' d +i N 
r. i G) 
"5 te b 
b+ O M1 g 
. -1 N ° ' O h 
A . r4 $4 
O 
.C +1 
ro a 
0 ri O 
OW 
A ý7+ 
a, O 
OuN Cl 
i , -i . Ic to ö Gl H Fý V UC 
s .CO rp 
ýO9 
41 +4 0 0) 
u ý f "ýu 1W 3 W 
"O 
+i i b+ "O R 4) - 4 
1ý "O +ý 4W 4 
41 dbw r4 3U O 
N g! 
l >4 
go 4J 
r 0 E) +ý 
i H 
. + + r. 0 41 FO 
a +1 " U) O G) ?9 tT a) . -1 
rtf 
wn 
q 
9 - 4) 
-4-I 4 
tp V4 
V4 0) 
g ý 
!ýO 1 
w° v 4) 
bä 
J 
N 41 b 
0 93 öý b 
) a 
4J 
W A ti . 
N 
. -4 A rd 
'i U G) 
". i O 14 +3 
x G) 
b ý 
NU 
I 
Id 
ý u 14 
w 4.1 4-) cn 
9 
vu, 4-1 
I 
V4 
>4 
i id a 
n "b b 
Pý a ia i 14 
0 
i u i 10 ¬i 
ä 
ON rn ON 
S 
ö a 4J 'Uro 
U bb 
2 '° 
H N "A 
157 
Ü 
LA 
N 
>1 >1 
0 . V4 "A m OTfR7 aýi 7W i V 
b 
to 
ý O 
NN V4 E) R A 4) 41 0 t n b+ 
I i 
lull, 
Nb 
) .9 
wý 
b: 1 
U) 14 (d Q) 
4 E -11 ;t 43 
ro >, 
" 
0b ä 
>1 w 14 
H 
vü ö3 VC, 
' '-1 
ä E) 
0 0 0) r-4 
41 $4 $4 Aü ä ý te 
*-t ý. 
, ö 0) 
at 
,4 a) rd AO a, N 
. ý{ü 
Nr NNF: . ý+ +ý a 93 
N 
0 
ÜA 
9 
O 
ý 
3N 
$3 %N 
41 10 
4 
. 14 4. ) 
a 
44 
[tý. r 
r- a 3( 
ý 
> 
44 
tp 
-ri CD V-4 
1 
1 
° 
wä 
0 
UUi 
dWOý 
41 
1 
$d 
W4J A 
IA 4J a 
qP 
N 3 
"-t 
ä r-i 0 0) , a 
4 «'-I 
w 43 
.9W 
4i 4J d3 4) 9-4 N 114 
GJ 
N ý 
öl bp 3 O «-1 UOö A 
, -7 tcf 
0 
W ;. 4 
. 
r-I m 1: 4 UW 
--1 H 4J ü 
.a 41 Di N tit 
:3 
04 
(D V" QDI to 
(d 
b, 
V. O CI 
' 
$ k 
O . -1 id - 9 4J 
N Id 
0) 9N tD 
N 
4) 
H 
öi b+ O 
0 3 N pr 
to 
0 0) 
N H V C. ' 
O 
4. ' 
tý 
N 4) 
w ~ 
" 
Od 
0 
W 
O 
U ) 
C! 
u 
3 
41 
OU 
4) NNE 
O 
N 
44 `d 
N 
b +ý 
H 0 41 0) 4J -4 a b, ?C 0 -k ' 
1 i id 
ü 
0ö 
4) 14 
Id ä A i ýä 
to t"I 
Ä 
b. ) 
P 
ai , 
41 p' 
" N 
14 b' 
i b °'d 
. 
$4 
3q 
ßj ° to 0 Wä O4 b« q 
al 
O 
to cý 0 tin 
O 
W 
> 
a) 
Og N 
id q 
wÄ 
M 
ý 
w , 
b 
wU 
-4 
ä 44 
U 14 w cn. 
äH 
ä 0 0 rn 0 0 
P4 
14 
b 
b 
41 
0 ) 
9 U . . ý . 0) H m a id pq 
158 
5.5 NOMENCLATURE 
b screen mesh diameter, Eq. (5.6) 
d pipe diameter 
D multi-component diffusion coefficient and 
kinematic viscosity, Table 5.5 
P., mixing length 
L integral scale of turbulence 
Lt integral time scale 
Ly integral scale of turbulence in the radial direction 
L' Lagrangian integral scale of turbulence 
n constant, Table 5.5 
P pressure 
P0 initial pressure 
Pr Prandtl number 
Re pipe flow Reynolds number - 
Ud 
V 
Rep channel flow Reynolds number based upon the distance 
apart of the plates 
RL u'L 
V 
Rx UI N 
V 
t apparent small scale, or veins, lifetime 
to Kolmogorov time scale, Eq. (5.24) 
T temperature 
Tb temperature of burnt gas 
T0 initial temperature 
159 
Tu temperature of unburnt gas 
ul laminar burning velocity 
ut turbulent burning velocity 
u' r. m. s. turbulent velocity 
U mean flow velocity 
x distance down stream from mid-plane of screen, 
Eq. (5.6) 
Y small eddy, or veins, density 
Y' species fluctuations, Table 5.5 
ök laminar flame thickness, Eq. (5.10) 
e turbulent diffusivity 
Kolmogorov microscale, Eq. (5.14) 
a Taylor microscale of turbulence 
v kinematic viscosity 
Pb density of-burnt gas 
pu density of unburnt gas 
c/v turbulent transport number,. Eq. (2.20) 
equivalence ratio actual 
fuel-air ratio 
stoichiometric fuel-air ratio 
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Key for Figs. (5.1) to (5.15) is given in Fig. (5.1). 
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CHAPTER 6 
A TWO EDDY THEORY OF TURBULENT COMBUSTION 
6.1 INTRODUCTION 
The wide range of turbulent combustion rdgimes, 
from the simple bunsen burner-to the intensely turbulent 
combustion in a stirred reactor, makes any attempt at a 
unified theory of turbulent flame propagation and structure 
a prodigious task. 
Existing theories for the prediction of turbulent 
burning velocity, ut, all involve an assumption of a model 
of the turbulent flame structure; these various models 
have been reviewed in Refl. On the basis of the results 
presented in Chapter 4 and the available data on turbulent 
flame and turbulent flow structure, a two eddy theory of 
burning is postulated. Values of ut/u, obtained from 
this are compared with experimental values of the ratio. 
6.2 SMALL SCALE STRUCTURE 
The flame photographs in the present study, and the 
measurements of them, revealed two markedly different 
categories of eddy size: large scale eddies with an 
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equivalent diameter close to that of the integral scale, L, 
and small scale eddies suggestive of elongated vortex tubes 
with a diameter close to that of the Kolmogorov microscale, 
The dashed curve C in Fig. 5.20 defines the equality 
of n and the laminar flame thickness, 6. To the left 
of the curve the former is less than the latter. Far to 
the right of the curve the photographs revealed that the 
large scale structure predominated, but that as the curve 
was approached and crossed, the small scale structure 
became more marked.. This would appear to be a regime 
where small eddy burning predominated (1). 
Experimental indications of the important role of 
small, intermittent, high frequency eddies in highly 
turbulent flames also comes from other photographs (2,3), 
measurements of light scattering from soot particles (4), 
current fluctuations from electrostatic probes (5-9) and 
fluctuations of chemiluminescent emission (6). More 
details of the small scale structure are given in Section 
6.8. 
6.3 A TWO EDDY THEORY OF BURNING 
The turbulent structure suggested by the experimental 
evidence of the previous section accords with that suggested by 
Tennekes (10) and Kuo and Corrsin (11), in which dissipative 
eddies consist of vortex tubes, with a diameter of the 
order of n, and a spacing of the order of the Taylor 
microscale, A. This fine scale structure is mutually inter- 
connected with that of the large scale, the nature of which 
also progressively is being revealed (12-14). 
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That the rate of decay of large eddies is an 
important rate-determining step in an overall rate of 
chemical reaction in turbulent flow is embodied in the 
eddy break-up theory of Spalding (15) and the eddy 
dissipation model of Magnussen and Hjertager (16). The 
present theory considers the rates of decay of both large 
and small eddies in isotropic turbulence and the associated 
chemical reaction. Theoretical values of turbulent 
burning velocity are compared with those of experiment and 
the relevance of the theory to the experimentally observed 
flammability limits is discussed. 
The two eddy theory of burning Is based upon the 
following assumptions: 
(1) Combustion occurs in two sizes of eddy; in large 
eddies of average lifetime, L/u', and in dissipative 
eddies of average lifetime equal to the Kolmogor. ov time 
scale, to . 
(ii) All the matter in large eddies is used in the 
formation of dissipative eddies. Dissipation along 
vortex tubes, with the associated molecular transport, 
is a necessary condition for flame propagation. 
(iii) Laminar flames propagate through large eddies. 
Dissipative eddies chemically react along the length 
of the vortex tubes, not necessarily through flame 
propagation, but by reactions associated with 
molecular dissipation. 
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(iv) An exponential probability distribution function 
(pdf) is assumed for eddy lifetimes (14), but at 
present a constant value is assumed for chemical 
lifetimes. Later developments might assign pdfs 
for chemical lifetimes which are a function of mean 
reactedness. 
(v) All the various rate processes are conveniently 
based upon a common dimensionless time, rt ui2t/v, 
where t is real time. 
6.3.1 Large Eddies 
The dimensionless mean lifetime of large eddies, 
tdL' becomes. 
2 
u' L 
TdL vu' a 
RL (6.1) 
The associated decay constant, KL , for the break-down 
of large to small eddies is the reciprocal of TdL and 
KL = RL-1 (6.2) 
4 
If there are nL large eddies in unit volume, their 
decay rate is given by KLnL 
Let PL be the probable fraction of an eddy which 
burns during the eddy lifetime and VL be the eddy volume. 
If r is the mean reactedness at a point in a flame, then 
(1-r) is the mean fractional volume unreacted. The 
associated dimensionless volumetric rate of burning, BL, 
becomes 
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gL '4 KLnLpLVL(1-r) (6.3) 
This form of expression is adopted for both large 
and small eddies. This is because, for chemical reaction 
to be effective in flame propagation, it must be followed 
by the break up of the eddy and ultimately by the mixing 
of the molecules comprising it with those from other eddies. 
Evaluation of PL requires a dimensionless chemical 
lifetime, zcL , for a large eddy. Based upon laminar 
burning in such an eddy, with a chemical lifetime of L/uR, 
TL u'2 of R CL uR v ut L 
(6.4) 
The fraction of an eddy which has reacted during an 
eddy lifetime of T, (4 TcL) , is T/TCL . For T> TcL 
all the eddy will have been reacted. With a pdf for eddy 
lifetimes given by TdL1 exp(-T/TdL) 
TcL 
pL =T TdL1 exp(-T/TdL)dT +. 
0 cL TcL 
TcL 
Now T exp(-T/tdL) dT 
0 
TcL TcL 
exp(-TIT dL) dT -- TdL exp(-T/TdL) dT 
00 
TeL 
T[-TdL exp(-T/TdL)] - TdL expC-T/TdL) 
0 
tc 
1 
exp(-T/TdL) dt 
(6.5) 
(6.6) 
(6.7) 
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TcL 
11 
- TdL exp(-TCL/TdL)] 
TdL exp(-TcL/TdL) - TdL (6.8) 
Equations (6.5) to (6.8) yield 
PL =- exp(-TcL/TdL) - NL/TAL) exp(-TcL/TdL) 
+ (TdL/TCL) + exp(-TCL/TdL) (6.9) 
PL =[1- exp(-TCL/TdL)] TdL/TCL (6.10) 
It is assumed that nL is related to the inter- 
mittency factor for large eddies, YL , 'by 
nL YL/VL 
Equations (6.1) to (6.11) yield 
BL RL1 YL El - exp(-u'/uI)1(1-r)uI/u' 
6.3.2 Small Eddies 
(6.11) 
(6.12) 
The dimensionless mean lifetime of small eddies, 
rdn , becomes, from Eq,. (5.25), 
Tdn u'2 to = 1.681 RL. 
5 
v 
(6.13) 
The associated decay constant, K. , is the reciprocal 
of Tdn and 
0.595 RL '5 (6.14) 
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The chemical reaction associated with vortex tube 
dissipation is of a different character from that in'a 
large eddy and it is proposed that the chemical lifetime 
is given by kn/uL , where k is of order unity. It 
can be shown from Eqs. (2.16) and (5.14) that 
Ti = 1.297 L RL-0.75 (6.15) 
The dimensionless chemical lifetime, Tcn , is given by 
Tcn =ü u' ý2=1.297kRL. 
25 
u, /uL (6.16) 
R 
The dimensionless volumetric rate of burning, Bn 0 
is given by 
Bn = Kn nnpn ý(1-r) (6. Z? ) 
in which nn is the number of small eddies, or vortex 
tube elements, in unit volume, pn is the probable 
fraction of an eddy which burns during the eddy lifetime 
and Vn is the eddy volume. 
The evaluation of pn follows along similar lines 
to that employed for PL . It is first again assumed 
that the fraction burnt is linear with time up to the 
chemical lifetime, Ten . This probably is less justi- 
fiable than in the case of large eddies, where a propa- 
gating laminar flame is assumed. The nature of chemical 
reaction along a vortex tube might be different and 
departures from linearity might be expected. 
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Two other alternatives were considered. The first, 
reported in Section 6.6, considers departures from linearity 
by the incorporation of a chemical delay time effect in an 
Arrhenius-type expression. The second, reported in 
Section 6.9, and considers a chemical lifetime based upon 
the properties of a laminar flame. The'pd4 for eddy life- 
time is given by zdn exp(-z/Tdn and, following Eqs. (6.5) 
to (6.10), 
Tc 
Co 
pn =J 
TT 
Tal exp(-T/Tdn) dT +J Tan expC-T/Tdn)dT 
0 cn Tcn 
(6.18) 
Now 
TCTJ 
T exp(-T/Tdn). dt 
TCn TCn 
T1 exp(-T/Td dT -f - Tdn exp(-T/Tdn) dT. 
o0 (6.19) 
TI- Tdnexp(-T/Tdn) 
] 
A. Td2 exp(-T/Tý 
ýT Cn 
(6.20) 
tL Jl 0 
tin Tdn exp(_TCfl/Tdn)] 
- 
1Td2 exp(-TCn/Tdn) -Td21 (6.21) 
Equations (6.18) to (6.21) yield 
pn =- exp(-TCn/Tdn) - (Tdn/Ten) exp(-TCfl/Tdq) 
+ (Tdn/T, 
en) + exp(_. ren/zdn) (6.22) 
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pn = Cl - exp(-Ten/Tdn)] Tdn/Ten 
and 
nn = Yfl /Vn 
, where Yn is the intermittency factor for small eddies. 
Equations (6.13) to (6.24) yield 
(6.23) 
(6.24) 
Bn = y71 E1-exp(-0.771kRL . 
25u'/u9. )](1^r)uL/ku' 
6.3.3 Comparative Burning Rates 
(6.25) 
To evaluate BL and Bn both the "k" and intermitt- 
ency factors must be known. Values of 0. *5,1 and 2 were 
assumed in turn for the former factor for three typical 
values of RL of 1750,875 and 425, whilst "k" was assumed 
to be unity for the other values of turbulent Reynolds 
number. Hot wire anemometers mounted in the explosion 
vessel by Andrews (7) gave signals at different fan speeds 
in cold calibrations. He analysed these to obtain values 
of intermittency factors at different frequences. 
The intermittency factor is the fraction of time 
for which the flow is turbulent. Its value ranges from 
zero in a fully laminar flow, to unity in a fully turbulent 
flow. The intermittency circuit used by Andrews for such 
measurements was similar to that used by Corrsin and 
Kistler (17) and the same as that of Mobbs (18). It gave 
a zero output for non-turbulent and a constant value for turb- 
ulent flow. With the aid of an oscilloscope the circuit was 
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adjusted to obtain a regular intermittent train of pulses 
to a digital counter with a square wave input. The value 
of "y" was obtained from the number-of counts registered 
on the counter during a period of time which was related to 
the pulse signal frequency. The spectral analysis of the 
linearised hot wire signal was obtained using a Brüel and 
Kjaer audio frequency spectrometer, type 2112, with a 
filter band width of 1/3 octave, inserted between the 
lineariser and intermittency circuit. 
The raw signal was assumed to give values of YL 
and its third time derivative to give values of y T1 . 
Values of the latter also were obtained by Lwakabamba (8) 
from photographic measurements of the frequency of the 
small eddies and hot wire measurements of intermittency in 
different frequency bands. It is postulated that these 
can be generalised to be, unique - functions of RL and 
these are shown in Fig. 6.1. The reported experimental 
data of % and Yn were limited to a maximum value of 
RL of 2500, but these were extrapolated up to RL values 
of 8750, as shown in Fig. 6.1. In the present calculations, 
values of YTI were drawn from the chain dotted curve for 
values of RL up to 1250 and from the full and dashed , 
curve for higher values of RL, whilst values of YL were 
drawn from the full and dashed curve. - 
Reference to Eqs. (6.12) and (6.25) shows that an 
increase in ftL decreases the dimensionless rate of burning 
of small eddies less than it does that of large eddies. 
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This is because of the more rapid decay of the former, 
indicative of a more rapid mixing process. The rate of 
burning is limited by the intermittent turbulent structure, 
but an increase in RL not only increasep the relative 
rate of mixing, but also the value of y 
TI 
The importance of the small eddy structure is shown 
in Figs. 6.2 to 6.11, where values of the ratio Bn/BL for 
"k" equal to unity and r equal to 0.95 are shown as a 
function of ui/u' for different values of RL. The ratio 
increases with increase in R'and decrease in ui/u' and 
can be more than 400. 
6.4 TURBULENT QUENCHING OF FLAMES 
It might be expected that as the probable fraction 
of an eddy which burns during an eddy lifetime, p no 
decreases, so the tendency of the flame to quench will 
increase. Equation (6.23) gives p 
n 
(6.16) give 
TdL 
= 
1.297 (u&) 80.25 
TCn kuL 
(6,26) 
Thus the probable fraction burnt tends to decrease with a 
decrease in this ratio. Any increase in chemical life- 
time relative to the eddy lifetime increases the difficulties 
of flame propagation and Eq. (6.26) shows this can be brought 
about by a decrease in the value of either ui/u' or RL 
This is born out in Fig. 6.12 by the curves of 
and Egs. (6.13) and 
-flammability limits for runs 5 and 6 (see Fig. 4.15), which 
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coincide when plotted on the experimental burning velocity 
data, drawn from Fig. 5.19, for five values of RL . 
Theoretical values of pn were calculated from this for 
"k" equal to unity and were'found to range from 0.65 to 0.49 
between values of RL of 417 and 1823 respectively. Whether 
or not a flame quenches depends additionally upon the size 
of the flame kernel and its temperature, and this is supported 
by the experimental work reported in Chapter 4 with different 
spark energies and the shielded spark gap. It readily can 
be shown that the dotted curve in Fig. 6.12, represents the 
equality Tcn a kTdn . In addition, it also represents 
the 
condition of equality of n and laminar flame thickness if 
Pr is assumed to be unity. Then Eq. (5.15) yields 
ýR » 0.771 RL "25 
6.5 TURBULENT BURNING VELOCITIES 
The two eddy theory of burning can yield an 
(6.27) 
approximate expression for the turbulent burning velocity. 
n), 
In a Lagrangian sense, the total rate of burning, (BL +B 
can be expressed as the rate of change of reactedness, r 
For a one dimensional flame, neglecting diffusion, 
Dr (BL + Bn) (6.28) 
or 
Dr (BL +B )DT (6.29) (1_r (1-r) 
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In the present simplified analysis (BL +B n 
)(1-r)-is 
not a function of reactedness and the equation is 
readily integrated. In a more rigorous analysis this 
would not be so and pdfs would be assigned to chemical 
lifetimes for different values of r. Additionally, 
instead of cold flow turbulence' parameters, allowance 
might be made for the effects of combustion upon these. 
From Eq. (6.29), if Tf is the dimensionless time 
for reactedness to progress from zero to a value of rf 
then 
Tf = (B1+B ) Zn (1-r ) (6.30) 
Lnf 
and this can be evaluated from Eqs. (6.12) and (6.25). 
Values of T readily can be transformed into real time by 
the relationship, t= Tv/ut2 . Together with 
the two 
approximate expressions relating turbulent flame thickness, 
E (6.31) at ti ut 
and a 
tß ti 
at 
(6.32) 
u t 
, where e is the turbulent diffusivity, it follows that 
0.5 
ti uý Ce 
vT) 
(6.33) 
uý u. ý f 
and 
(-T-)0.5 RL1 (6.34) 
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The turbulent transport number, e/v, is related 
to the turbulent Reynolds number and, for isotropic 
turbulence, the proposed relationship is given by Eq. (2.20). 
Values of ut/ut were found from Eqs. (2.20), 
(6.12), (6.25), (6.30) and (6.33), with rf equal to 0.95 
and with the previously listed values of k and inter- 
mittency factors. The results are plotted in Figs. 6.2 to 
6.11, for values of turbulent Reynolds number from 8750 
down to 300. For comparison are shown experimental values 
of ut/u. , drawn from a variety-of sources and previously 
given in Chapter 5. In the region of R. (=u'X/v) equal 
to 100, the dissipative eddies first start to acquire a 
size significantly less than that of the large eddies (19), 
and it might be expected that at RA < 100 the large eddies 
are dissipating directly. Applying Eq. (2.18) to this 
condition gives RL < 237, in which range the present 
theory will not be applicable. 
Values of turbulent flame thickness in relation to 
the integral-scale of turbulence, dt/L, and given by 
Eq. (6.34), also are presented in Figs. 6.2 to 6.11, with 
k equal to unity. The near limit turbulent flames are 
those with high values of öt/L . 
6.6 ARRHENIUS TYPE REACTION RATES WITHIN SMALL EDDIES 
It was suggested in Section 6.3.2 that the nature 
of chemical reaction along a vortex tube might be 
different from that in a large eddy and departures from 
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linearity might be expected due to a chemical delay time. 
The temporal variation of the degree of reaction was 
assumed to be given by exp(-TCn/T). The full line curve 
in Fig. 6.13 shows the variation of this function with the 
dimensionless ratio T/Tcn . For mathematical convenience 
this function was approximated to the form given by the 
dashed straight lines in the figure. These comprise 
three regimes of T/TCn : (0-0.22), (0.22-2.35), and 
(2.35-cc). Accordingly, in the second regime the fraction 
of an eddy which has reacted now is given, not by T/Tcn 
but by 2 13 ITT - 0.22) . No reaction occurs up to a 
cn 
time of 0.22 Ten . The probable fraction of an eddy 
which burns during an eddy lifetime, pn , formerly 
given by Eq. (6.18) now becomes 
2.35T 
en 
) dT pn 
1 
2.11 3 (TT - 0.22) Tdn eXP(-r/Tdn 
en 0.22Tcn 
00 
-1 + Tdn exp(-T/Tdrl)CtT (6.35) 
2.35Tcn 
2.35Ten 
p11 = 2ßT1 
J 
(T-o. 22Teil ) exp(-T/Tdn) dT 
en do 0.22T 
eil 
+ exp(- 2.35 Ten/Tdn) (6.36) 
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Now 
2.35Tcn 
1 (T-0.22 Ten) exp(-T/Tdn) dT 
0.22T 
cri 
2 
T C- Tdn exp(-T/Tdn)] - Tdn exp(-T/Tdn) 
2.35 Ten 
+ 0.22 Tcn Tdn exp(-T/Tdfl) 
10.22-r 
(6.37) 
cn 
= 2.35 Ten [- Tdn exp(-2.35 Ten/TdTI)] 
- td2-exp(-2.35 Ten/Tdn) 
+ 0.22 TCn Tdn exp(-2.35 Tcn/Tdn) 
+ Td2 exp(-0.22 Tcn/Tdn) (6.38) 
Equations (6.35) to (6.38) yield 
pn 2--1i-3 C- 2.35 exp (-2.35 Ten/tdn) 
-T 
drl 
>exp(-2.35 TGn/Tdn) + 0.22 exp(-2.35 Ten/Tdn) 
dich 
+T exp(-0.22 Ten/Tdn)] + exp(-2.35 Ten/Tdn) 
en 
(6.39) 
na2 13 
Eexp(-0.22' - exp(-2.35 Ten/Tdn)]Tdn/Ten 
(6.40) 
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Equations (6.13) to (6.17), (6.24) and (6.40) yield 
Bn = 0.362 R-0.25 y [exp(-0.170 k R-0 
25 
u'/uL) - 
exp(-1.812 k-RL '25 u'/u9)] (1-r) uL/k u' (6.41) 
Values of the ratio Bn/BL for "k" equal to unity 
and r equal to 0.95 are shown in Figs. 6.14 to 6.16 as a 
function of ui/u' for three typical values of RL ' 
namely 8750,1750 and 425, respectively. Again values of 
BL were calculated from Eq. (6.12), whilst values of yL 
and Yq were taken, as before, from Fig. 6.1. Again the 
ratio Bq/BL increases with an increase in RL and a 
decrease in ui/u' and can attain a value of 150. 
Evaluations of ut/uL and öt/L also follow 
along similar lines to those of Section 6.5. With rf 
equal to 0.95 and "k" equal to unity the results are given 
in Figs. 6.14 to 6.16, for values of RL of 8750,1750 
and 425, respectively. Experimental values of ut/ut 
are also shown for comparison. Comparison of Figs. 6.14 
to 6.16 with Figs. 6.2,6.6 and 6.10 respectively, for 
k =1, show the present values of ut/u. , as well as those 
of Bn/BL , to be less than the previous values, whilst 
values of 6 t/L are higher. 
The present values of ut/uz are a good deal 
less than those of experiments. That the introduction 
of a chemical delay time effect should reduce the ut/u, 
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and Bn/BL ratios is to be expected. However, 
comparisons with experimental values do not lend support 
to this possibility. Another possibility is discussed 
in Section 6.9. 
6.7 NUMBER DENSITY OF DISSIPATIVE EDDIES 
A theoretical basis is nor considered for the 
measured normalised number density of the small eddies, Yr 
reported in Chapter 4 and shown in Figs. 4.25 and also 5.24, 
These small eddies always were measured in comparable zones 
at the edge of the ball of flame gases and hence covering 
the reaction zone. It is to be expected that the number 
of eddies photographed would be proportional to the film 
exposure time. The measurements of Lwakabamba (8) were 
taken at different camera speeds from those in the present 
study of 3000 frames sec-1. Accordingly, all measurements 
were corrected to a standard camera speed by multiplying 
each result by the ratio of the camera speed to 3000. 
It also might be expected that the number of small 
eddies photographed would be directly related to their 
volume concentration. Furthermore, the shorter their 
lifetime the more we might expect to record, in so far 
as some might disappear during the exposure time and others 
appear. A longer chemical lifetime also would tend to 
render more eddies visible. Combining all these effects 
we might postulate that the number of eddies recorded at-a 
given camera speed, y, is such that 
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ya fractional volume occupied bye 
.T 
small eddies xcn TdR 
(6.42) 
Equations (6.11) and (6.24) give 
fractional volume occupied by 
small eddies 
nTi . 'V TI nL L 
_y 
Ti n 
Ys 
(6.43) 
Substitution of Eqs. (6.26) and (6.43) into Eq. (6.42) 
leads to 
Y 
ya 17,297 (YL) (BL) RL 
0.25 (6.44) 
Values of the ratio yn1yL were drawn from Fig. 6.1. The 
value of the right hand side of this equation was divided 
by the corresponding value for measurements at 5000 r. p. m. 
fan speed and a value of ui/u' equal to 0.12. The 
quotient now can be compared with the measured normalised 
number density, y, of Chapter 4 and this is done in Fig. 6,17, 
Semi-theoretical-normalised values for two values of RL 
are shown by the two curves, whilst experimental points are 
shown for four ranges of R 
The general forms of the semi-theoretical and 
experjmental values of Y. are in agreement, but the former 
values show a somewhat greater dependence upon RL. On 
the other hand, when the experimental measurements of 
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Flg. 4.2 5 are plotted on flg. 5.24',. an opposite effect of 
RL on x. is in evidence. 
In the present analysis, intermittency factors YL" 
and Yri were employed and values were obtained from the 
measurements of Andrews (7) and Lwakabamba (8). It would, 
of course, be more satisfactory if an attempt at a 
theoretical analysis was not based on-measured quantities. 
Moreover, the intermittency factors measured by hot wire 
anemometry are difficult to interpret physically. So far, 
it has been assumed that yn is a measure of the tractional 
volume occupied by the small eddies. An alternative 
possibility is that it is more indicative of their number 
density. In the next Section a more fundamental analysis. 
of the volume occupied by small eddies is attempted. 
6.8 SOME FUNDAMENTALS OF SMALL SCALE STRUCTURE 
The experimental observation of intermittency led 
Townsend (20) to postulate a turbulence structure in which 
small. scale eddies might be represented as a random tangle 
of vortex sheets (locally parallel vortex lines). Corrsin 
(21) suggested that the vortex sheets have a thickness of 
the order of the Kolmogorov microscale, n, and a spacing 
of the order of the integral scale, L, and that these 
dissipative regions occupy a volume fraction of order n/L. 
This with Eq. (6.15) leads to a fractional volume occupied 
by small eddies zi 1.297 RCo. 75 (6.45) 
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Saf #zman X22) wade 'a, n approximate heur±sttc analysts 
oý the dissipation of energy In whtcb. 'the existence oý 
concentrated sheets and tubes oý vorticity was assumed and 
also that the turbulent energy was dissipated in these 
regions of large vorticity. According to Saffman the 
thickness of the sheets, or the radius of the tubes, both 
have a characteristic length scale, ö, which can be 
shown to be somewhat less than the Taylor microscale, X 
In the case of sheets the proportion of the volume 
occupied by them is shown by Saffman to be (S/L)l . In 
the case of tubes this becomes ö/L. Such sheets, or 
tubes, are formed in a primary cascade. 
Saffman postulated that the somewhat organised 
sheets and tubes are unstable and degenerate-into smaller 
scale motions. For example it is known that curved vortex 
sheets may develop Taylor-Gortler instabilities and tubes 
develop Taylor-Couette instabilities, in both of which a 
stable secondary motion ensues. This has a cellular 
structure of size approximately, 6. Saffman shows that 
boundary layers exist at the cell edges and that the 
fractional volume of the sheets and tubes occupied by these 
regions of concentrated vorticity is n/d . It is shown 
that the dissipation in this- secondary cascade is consistent 
with values of Kolmogorov microscales, and n is the 
Kolmogorov microscale of turbulence. The fractional volume 
occupied by these strongly dissipative regions in the case 
of sheets (L)i än Saffman shows that ö is 
(L&) 
given by 
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6= (üL)1 06.46) 
Comparison of Eqs. (2.16) and (6.46) leads to 
6=0.154 A (6.47) 
s 
Equations (2.16), (6.15) and (6.47) give a fractional 
volume of sheets 
= 1.297 RL 
0.5 (6.48) 
In the case of tubes the fractional volume occupied by 
them =L -6 = n/L and this leads to the same expression, 
Eq. (6.45), as that of Corrsin for dissipative sheets. 
Tennekes (10) has suggested that dissipative eddies 
consist of vortex tubes with a diameter of the order of the 
Kolmogorov microscale and a spacing of the order of the 
Taylor microscale, X, and these vortex tubes occupy a 
volume fraction n2/X2 . From Eqs. (2.16) and (6.15) 
this leads to a fractional value 
= 3,962 x 10-2 RL 
0.5 (6.49) 
More recently, Kuo and Corrsin (11) have attempted 
to identify experimentally the geometric character of the 
regions of random fine structure. They tentatively 
concluded that these regions are more likely to be rod-like 
than blob-like or slab-like. They suggested that random, 
slightly "stringy" structures might overlap each other. 
The average linear dimensions of these fine structure 
regions is considerably larger than the turbulent fine 
structure within them. 
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All the theoretj. cal predictions of the fractional 
volume occupied by the small strongly dissipative regions 
and given by Eqs. (6.45), (6.48) and (6.49), show this 
fractional volume to decrease as RL increases. So far, 
in the present study, this volume has been taken to be 
Yn/YL and Fig. 6.1 shows this ratio to increase as RL 
increases. 
Numerical values of small eddy, fractional volume 
calculated from Eqs. (6.45), (6.48) and (6.49) for two 
typical values of RL are given in Table 6.1. This 
shows that the fractional volume calculated from these 
equations might be less than 1%, whilst there can be a 
30 fold variation in the value given by the different 
expressions. 
Assume, following Tennekes, that the length of 
vortex tubes is proportional to %, then the volume and 
surface area of a dissipative vortex tube Vn and An may 
be expressed, respectively, as 
Vn 4 n2 N (6.50) 
An =nrA (6.51) 
Equations (6.50) and (6.51) lead to 
A4(6.52) 
nn 
If nn vortex tubes are contained within unit volume, 
then the total surface area, Ant , obtained by multiplying 
both sides of Eq. (6.52) by n. , becomes 
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4 nn.. Vn 
nt n 
(6.53) 
where nn Vn is the total tractional volume occupied by 
these vortex tubes. This is given by Tennekes as Eq. (6.49). 
Equations (6.15), (6.49) and (6.53) lead to 
Ant aL RL. 
25 (6.54) 
The same form is obtained from Saffman for a sheet structure, 
whereas Corrsin and Saffman, for a tubular structure, give 
1 Arlt at 
, with no RL dependency. 
(6.55) 
Thus for a given volume of reactants, Eq. (6.54) 
shows that the total surface area of the dissipative eddies 
increases with RL . If burning is associated simply with 
the surface area of dissipative eddies, then the increased 
rate of burning due to increased turbulence might be explained 
by this equation. 
6.9 BURNING WITH CHEMICAL LIFETIME '= 'c öRjilR IN SMALL EDDIES 
In a theory of turbulent burning it is more satisfactory 
to invoke a theoretical expression for the fractional volume 
occupied by small eddies than to derive this volume from 
experimental measurements. If the fractional volume given 
by Tennekes, Eq. (6.49), is substituted into Eq. (6.17) in 
place of the intermittency factor, yn, Eq. (6.25) becomes 
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BR = Q., Q31 RL0.75 [1r. exp(_o. 771ký125 ut/u2)] 
(1-r) uL/k u' (6.56) 
Values of ut/uR were obtained along similar lines 
to those of Section 6.3 but now with the aid of Eq. (6.56). 
Values of k were taken to be equal to 0.5 and 1.0, 
nLVL to be unity and rf to be 0.95. Values of ut/uR 
were calculated for two values of RL for a range of 
ui/u' values and these are given in Table 6.2. 
These results, show ut/u9 to increase with a decrease 
in both uL/u' and RL. The former dependence, unlike the 
latter, is in agreement with experimental observations. 
Table 6.2 also shows theoretical values of ut/uR to be 
smaller than those of experiment. 
Examination of the theoretical expressions reveals 
the main source of the inverse RL dependence to lie in 
the use of n in the expression for the chemical lifetime 
of small eddies, kn/u, , (see Eq. (6.15)). This leads to 
a consideration of other alternatives. Instead of a 
lifetime based upon laminar flame propagation across a 
vortex tube, one based upon the molecular processes of the 
laminar flame might be employed . In such a flame, the 
chemical lifetime might be expressed by c ö4/u, , where 
c is of order unity. If the time through the reaction 
zone is considered, and not that through the preheat zone, 
the value of c might be assigned a value in the region of 
, 
0.25. The dimensionless chemical-lifetime, t CrI , 
becomes 
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TCn C ... C6.571 
Substitution of Eq. (5.10) into Eq. (6.57) leads to 
06.58) Tn Pr c 
where Pr is the Prandtl number. Equations (6.13), 
(6.14), (6.17), (6.23), (6.49) and (6.58) yield a value 
for the dimensionless volumetric rate of burning, Bn , 
given by 
Bn = 0.04P Pr R- '5 E1-exp(-0.595 c RLO'5 (u*/uR))] 
Pr 
(1, cr) (u /U C6.59) 
Values of ut/u., were obtained again by adopting 
similar procedures to those of Section 6.3 but now with the 
aid of Eq. (6.59). Values of 
to 0.25 and 1.0, nL VL to be u: 
to be 0.95. Values of ut/uR 
values of RL for a range of 
given in Table 6.3. 
c were taken to be equal 
pity, Pr to be 0.7 and rf 
were calculated for two 
uR/u' values and these are 
These results again agree with the observed 
experimental dependence of ut/uX 
the theoretical dependence on ftL 
slightly opposite to that observed 
is improved over that given in the 
(Eq. (6.56) and Table 6.2). Table 
values of ut/uR which are smalle 
upon ui/u' . However, 
appears to be still 
experimentally, but it 
previous approach 
6.3 also shows theoretical 
r than those of experiment. 
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A search for other sources which *might yield the 
experimentally observed dependence of ut/ui upon RL 
led to a reconsideration of the relationship between 
ey/v and RLy discussed in Chapter 2 and given by 
Eq. (, 2.20). Very recently, Smith (23) has suggested that 
at very high turbulent Reynolds numbers, such as occur in 
atmospheric turbulence, the relationship is 
-ý = 0.438 RLy (6.6Q) 
A possible interpretation of Fig. 2.4 is that Ly/d 
is independent of Re (24) for RL > 280 and 
L 
0.08 (6.61) 
Equations (2.4), (2.9) and (6.61) lead to 
Ly'95 0.75 R (6.62) 
for RLy > 280. This equation is similar to Eq. (6.60) 
and probably should replace Eq. (2.20) at high RL values. 
Equation (6.6. ) might be rewritten in the form 
R0.95 (6.63) 
and the fractional volume occupied by the small eddies in 
the form 
=b R0.5 (6.64) 
Using Eq. (6.64) for y, the expression for Bn becomes 
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B=b Pr R-0-5 
I 
l.. exp(_ 
0.5Pr5 
c R-0. 
S (u' /u Z ti 1. 
t. l. C Cu 
L/u 
t )2 (6. ß) 
Neglecting BL in comparison to Bn in Eqs. (6.28) 
to (6.30) and applying Eqs. (6.63) and (6.65), Eq. (6.33) 
becomes 
Pr 0.5 
ut c ab) 
80.225 
[1_exp(_.. 0'. '595 c R0.5 
u-_L Pr L ýC Xn Cýrß ) 
0.5 
(u'/uA)2)] (ui/u') (6.66) 
With Pr assumed to be 0.7, rt to be equal to 0.95 and 
c to be equal to 0.25, a value. of ab equal to 33 in Eq. 
(6.66) was found to give values of ut/uR in good agreement 
with experiment. The. results are plotted in Figs. 6.18 to 
6.21, for values of turbulent Reynolds number of 8750,2500, 
1750 and 425 respectively. For comparison are shown 
experimental values of ut/ui, . Figure 6.22 shows theoretical 
and experimental values of ut/uz over a wide range of RL , 
for values of uZ/u' equal to 0.1 and 0.2. 
The theoretical predictions are in satisfactory 
agreement with experimental values. Figure 6.22 shows the 
experimental measurem 
on RL for values of 
When ui/u' is equal 
dependence of ut/uz 
ents of ut/u. to show no dependence 
RL > 4000, for both values of uz/u'. 
to 0.2 there is little theoretical 
upon RL . 
throughout the full range of 
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values oC RL . Tt would appear that accurate measurements 
of ut, u' and L are needed at RL > 4000 in order to check 
these findings. 
For an optimised value of 33 for the product tab'- 
in Eq. (6.66), if 'a' is assigned the value of 0.75 in 
accordance with Eq. (6.62), then the constant 'b' of Eq. 
(6.64) must take the value of 44. Table 6.1 shows that it 
is Eq. (6.48) that yields the highest fractional volume of 
small dissipative eddies and the value of 44 might be 
compared with that of 1.297 in this equation. Thus the 
optimisation suggests a fractional volume 34 times that 
given by Eq. (6.48). 
Values of Bn/BL were found from Eqs. (6.12) and 
(6.65), with Pr equal to 0.7, -c equal to 0.25, rf equal to 
0.95, nLVL equal to unity and b equal to 44. The results 
are plotted in Figs. 6.18 to 6.21, for different values 
of RL. Values of dt/L given by Eq. (6.34), are also 
presented in these figures. 
In order to obtain a theoretical form for the 
number density of the dissipative eddies, Eq. (6.64) should 
be introduced into Eq. (6.42) to replace the experimentally 
determined intermittency ratio, 
(6.13) and (6.58), leads to 
bc ut 2 -1 Y4 1.681 Pr (ü 
z) 
RL 
urn/YL . This, with Eqs. 
(6.67) 
Again, the value of the right hand side of this equation 
for a particular condition was divided by that associated 
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with the experimental condition of 5000 r. p. m. fan speed 
in the present experimental work and a, value of u., /u' 
equal to 0.12. Theoretical values normalised in this 
way for two values of RL are shown by the two curves in 
Fig. 6.23, whilst experimental points are shown for four 
ranges of RL , as in Fig. 6.17. 
The theoretical values of Y, at a given u, /u', 
decrease with increase in RL. Some experimental support 
for this trend can be observed. It is contrary to that 
indicated by the broken curves in Fig. 6.17, which are based 
upon the approach of Section 6.7. 
6.10 CONCLUSIONS 
Two theoretical analyses have been employed to 
obtain the ratio ut/uR. In the first approach, laminar 
flame propagation across a vortex tube was envisaged, 
whilst in the second the concept of a reaction time in the 
vortex tube was used. The former would appear to be 
more valid in the r6gime where, o» dJL , to the right of 
the dotted curve in Fig. 6.12, whilst the_latter probably 
is more valid where the laminar flame thickness and 
Kolmogorov microscale become comparable, or when the 
former is greater than the latter. 
With regard to the experimental observations on 
flammability limits, there are two relevant theoretical 
aspects. First, a decrease in the probable fraction of a-'ý 
small eddy which reacts before the eddy is dissipated is 
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represented by a leftwards shift in the combustion regime 
towards a rdgime to the 1eXt of the dotted curve of 
Tcn = ktdn (which is the same-as Tcn =c Tdn) in jjg. 6.12. 
This is illustrated by th. e, dashed curve on the figure 
representing the flammability limit for run 5. *. Ignition 
becomes more difficult as the ratio Tcn/TdT1 increases. 
At the highest value of RL for the dashed flammability 
limit curve, Eq. (6.26) yields a value of TCTI /TdTI of 1.663k , 
in terms of the first approach, whilst in terms of the 
second approach, Eqs. (6.13) and (6.58) give 
T_r c (u')2 R0-5 
Tdn - 1.681 Pr ux L 
I 
(6.68) 
and at the same flammability limit this yields a value of 
Tcn/Tdn equal to 3.949c. Thus, both approaches, with 
the optimised values for "k" and "c" of 0.5 and 0.25, 
respectively, suggest that the limit occurs at T ti t gyn do 
The experimental results of Chapter 4 show that the 
tendency of a spark kernel to be quenched with increase in 
turbulence can be countered by an appreciable increase in 
spark energy. This effectively creates an electrically 
augmented chemical plasma with a smaller value of Tcn/Tdn, 
consequent upon a decrease in the numerator. Another 
counter which is suggested by the results is to shield the 
spark kernel from the full turbulence. This increases the 
value of Tdn and allows the flame to become established 
before emergence into the fully turbulent region. 
The second, yet related, theoretical aspect is that 
before a flame can be capable of self-sustaining propagation, 
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it must attain a certain critical diameter, which is 
related to the flame thickness. Th© theöretical values 
of at /L in Figs. 6.2 to 6.11,6.14 to 6.16 and 6.18 to 6.21 
show the ratio to increase with decrease of uZ/u' .A 
limited number of measurements of limit flame kernel sizes, 
when the flame just quenched on emergence from the shielded 
region, were made. The associated theoretical values of 
dt/L were calculated and both approaches suggest that 
quenching occurs in highly turbulent flames when the diameter 
of the kernel is less than approximately four times the 
flame thickness. Clearly, an increase in t/L creates 
greater difficulties for the establishment of a propagating 
flame. 
Returning now: to the theoretical derivation of 
ut/u, , theoretical support has been obtained for the use 
of the three dimensionless parameters employed in Chapter 5 to 
correlate experimental values of turbulent burning velocity. 
The increasing importance of small eddy burning, as RL 
is increased and as ui/u' is decreased, becomes clear. 
Considering the assumptions that, of necessity, have had to 
be made to obtain numerical solutions, the correspondence 
between theoretical and experimental values of ut/uz is 
satisfactory. The experimental values are of limited 
accuracy, particularly those close-to flammability limits, 
and the theoretical values are capable of further refinement. 
Associated refinements to the theory might include the 
generation of pd: s, as a function of mean reactedness, for 
chemical lifetimes and allowance for the changing turbulence 
through the reaction zone. 
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Neyertiieless, although the theoretical curves of the 
: first approach (Figs. 6.2 to 6.11) follow the same trends as 
the experimental ones, the values of ut/u oý the Xormer 
are consistently low. These were'obtained on the bases oX 
experimentally determined values of 7L and yn and 
assumed values of chemical lifetimes in dissipative eddies. 
The last parameter is a particularly challenging one, for 
which no data are available, whilst values of ut/ux are 
particularly sensitive to the value of intermittency factor 
of the small eddies and less so to the factor for large 
eddies. Inevitably, the signals which give rise to the 
values of these factors can be interpreted differently 
depending on the amplitude threshold. 
It might be anticipated that values of YL 
asymptotically approach unity with increase of RL and the 
question arises whether there exists a similar asymptotic 
value of yn . Values of yn were selected which made 
the theoretical value of ut/ut coincide with the experi- 
mental one' at three different values of RL and for uR/ut 
equal to 0.1. A value of 0.5 was also selected for k as 
this seemed to give a closer parallel with the experimental 
values of ut/u, . These values are shown in Table 6.4. 
Although the values are higher than the original measured 
values, they are not unreasonably different. The values 
to be assigned to such intermittency factors and chemical 
lifetimes in dissipative eddies seems a challenging area 
for future research. 
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However, the use of measured values of intermittencies 
is not satisfactory in a theoretical analysis and in this 
regard the second approach is preferable. Our limited 
understanding of the physical nature of turbulence creates 
problems in assigning an accurate value for the volume 
fraction occupied by the dissipative eddies. Some 
adjustment of theorotical values for this was necessary 
to obtain harmony of theory and experiment. This approach 
seems to hold more promise than'the first one but the theory 
is capable of further improvement and more experimental 
studies are required. 
212 
TABLE 6.1 ' 'Fra: c't'i"orial' Vol'ume'. Occupi'ed 
by 'Srriall'" Dissipative Eddies 
Fractional Volume 
'Occupied by Small. Eddies 
Author Ref. Eq. No. 
RL = 675 RL = 2500 
Corrsin 21 
Saffman (6.45) 8.062 x 10"3 3.668 x 10-3 
(tubes) 22 
Saf fman 
(sheets) 22 (6.48) 43.847 x 10-3 25.940 x 10-3 
Tennekes 10 (6.49) 1.339 x 10-3 0.792 x10-3 
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TABLE 6.2 Values of. ut*/uR Calculated on 
'th'e Basis of' Eq. (6.56) 
' 
k= 1.0 k=.. 0.5 
uZ/u 
RL = 875 RL = 2500 RL = 875 RL = 2500 
. 025 2.961 2.398 3.143 
2.561 
. 05 2.086 1.681 2.170 1.746 
. 10 1.455 1.164 1.483 1.183 
. 20 1.007 0.801 1.014 0.806 
. 30 0.802 0.638 0.805 0.640 
. 40 0.674 0.536 0.676 0.537 
. 50 0.584 0.464 0.585 0.464 
. 60 0.515 0.409 0.516 0.409 
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TABLE 6.3 Values of it u Calculat'ed 'on 
the Basis of' E4. '('6'. '59) 
' 
c=1.0 c 0.25 
uL/u 
RL = 875 RL = 2500 RL = 875 RL = 2500 
. 025 2.771 2.215 2.853 2.323 
. 05 1.979 1.592 2.084 1.705 
. 10 1.423 1.149 1.482 1.189 
. 20 1.007 0.803 1.018 0.809 
. 30 0.804 0.640 0.807 0.641 
. 40 0.676 0.537 0.677' 0.538 
. 50 0.585 0.464 0.585 0.465 
. 60 0.516 0.410 0.516 0.410 
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TABLE 6.4 Values ' of Y Tr 'Ag'ree'me'nt 
'Wi'th Experime'nt' bt' uR 
'and k '= 0'. 5 for Typi'call'y Three 
Values of RL 
RL yn 
measured 
yn 
. for agreement 
425 0.095 0.72. 
875 0.190 0.73 
1750 0.435 . 1.15 
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6.11' NOMENCLATURE 
a constant, Eq. (6.63) 
b constant, Eq. (6.64) 
B dimensionless volumetric rate of burning 
c constant of proportionality for chemical lifetime 
in small eddy, Eq. (6.57) 
d pipe diameter 
k constant of proportionality for chemical lifetime 
in small eddy, Eq. (6.16) 
L integral scale of turbulence 
n eddy number density 
p probable fraction of an eddy which. burns during 
the eddy lifetime 
Pr Prandtl number 
RL u'L/v 
R u' A /v 
r mean reactedness 
rß final reactedness 
t time 
tf time to attain rf 
to Kolmogorov time scale 
u'- r. m. s. turbulent velocity 
uI laminar burning velocity 
ut turbulent burning velocity 
V volume of an eddy 
y number of small eddies photographed, Eq. (6.42) 
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X normalised number density of small eddies 
Y intermittency factor 
Kolmogorov microscale 
turbulent diffusivity 
characteristic length scale, Eq. (6.46) 
aR laminar flame thickness 
bt turbulent flame thickness 
eddy decay constant 
Taylor microscale of turbulence 
v kinematic viscosity . 
T dimensionless time (u. t2t/V) 
Tc dimensionless chemical lifetime 
Td dimensionless eddy lifetime 
If dimensionless time to attain rf 
Subscripts 
L large eddy 
t total 
y radial direction 
n small eddy 
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CHAPTER 7 
TURBULENT COMBUSTION IN 'GASOLINE ENGINES 
" 7.1 INTRODUCTION 
Pressure to improve the gasoline' engine, though' 
always present, has been intensified in recent years by, 
exhaust emission standards as well as the energy crisis. 
Since the combustion process is a key to both fuel 
consumption and exhaust emissions, it is logical that much, ' 
engine research is focused on this. The combustion in a 
gasoline engine is an important example of the development 
of a turbulent flame in an enclosed volume and in this 
Chapter some of the knowledge gained in the previous ones 
is applied to practical combustion problems in such engines. 
The extent to which the flame propagation data of 
Chapter 5 are relevant is now examined in relation to 
current attempts to produce spark ignition engines capable 
of running on weak. mixtures, in contrast to traditional 
mixtures which are either close to stoichiometric or, more 
usually,. slightly rich. 
In traditional operation CO and hydrocarbon 
emissions are excessive by contemporary standards. To 
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reduce-these, weak mixtures are preferred but these can 
have the unfortunate side effect of increasing the NO 
emission. This is a maximum when the mixture is slightly 
fuel-lean and a further increase in the proportion of air 
decreases this emission (1,2), (see Fig. 7.1). However, 
the main disadvantage of the lean burn engine is that its 
power output is low ((3) and see Fig. 7.1). 
Hence, in principle the reduction of emission's of 
hydrocarbons, CO and NO can be achieved by operating with 
weak mixtures, close to the misfire limit. In order to 
obtain an adequate rate. of burning with a lean mixture, it 
is necessary to compensate for the associated reduction in 
burning velocity by an increase. in the intensity of turbu- 
lence. This will become apparent later. 
The correlation of ut/uz with uL/u' and unburnt 
gas RL, demonstrates a need to measure unburnt gas turbulent 
parameters in engines. However, the use of hot wire 
anemometers inside a cylinder presents special difficulties 
because of the fluctuations of, pressure and the high temper- 
atures. Consequently, anemometers have only been used in 
motored engines (4-13) and their calibration has proved 
difficult. 
The high level of turbulence when the mean flow 
may be zero (11,12) presents problems of data discrimination 
and interpretation. The conditions close to top centre, 
when combustion occurs, are of particular interest and 
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here the mean flow tends to zero (4,14). This leads to 
problems in the derivation of turbulent parameters, in 
particular the integral length scale, due to rectification 
of the signal, as discussed in Chapters 3 and 4. 
7.2 THE SOURCE OF TURBULENCE IN ENGINE CYLINDER 
The evolution of the gasoline engine to give what 
is, with the exception of certain emissions, a generally 
satisfactory performance over a range of powers and speeds 
has shown the importance of turbulence in the achievement 
of satisfactory rates of burning. The means by which the 
necessary turbulence in the charge might be produced are. 
now summarised: 
(i) Restriction of the passage-way in a 'turbulent 
head'. During compression the gasses are forced 
through a constricted passage and made turbulent. 
This was the basis of the. early 'turbulent head' 
design of Ricardo (15). 
(ii) The motion of the piston, supplemented by a con- 
trolled amount of 'squish'. The latter is the 
ejection of the charge compressed between the 
piston and a corresponding surface in the cylinder 
head, as top centre is approached. 
(iii) The use of 'swirl' or charge rotation. This 
arises from the conservation of angular momentum 
imparted to the charge during induction. It may 
be encouraged by inlet ports which direct the 
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charge in a tangential direction, or by the use of 
a shrouded or masked valve. A large amount of 
swirl has been used in compression ignition engines 
and less on spark ignition engines. The angular 
velocity of swirl might be ten times the engine 
speed (16), but this does not imply solid body 
swirl, which is the exception rather than the 
rule (17). 
(iv) The use of sonic throttling intake valves (18). 
Ma (19) has designed such a turbulence generator, 
based on shock wave generation. A convergent- 
divergent passage is formed between a streamlined 
plunger and a fixed nozzle. - Sonic velocity is 
reached during intake at the annular throat section 
and a shock wave occurs downstream which is 
determined by the prevailing manifold vacuum. To 
vary the engine mass flow, the plunger is moved 
axially to vary the throat area, whilst the sonic 
velocity is maintained. Ma concluded that this 
turbulence generator was capable of producing 
efficiently small scale, high intensity turbulence 
inside the combustion chamber. 
All of the above flows generate a cascade of 
turbulent energy, in which the energy finally is dissipated 
in a small scale, high frequency regime (Chapter 6). There 
is, however, a tendency for the turbulence which originates 
in motions imparted in the inlet manifold and valve passages 
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to decay in the period of time which elapses before top 
centre and combustion. 
Increased turbulence is usually accompanied by a 
drop in volumetric efficiency. Brown (20) has shown 
recently that the turbulence produced by a shrouded valve 
is not necessarily homogeneous, with the result that 
although the mean burning velocity is increased, in regions 
of relatively low values of u' the combustion tends to be 
uncompleted and after-burning occurs during the expansion 
stroke, with consequent loss of efficiency. 
7.3 MEASUREMENTS OF TURBULENCE PARAMETERS IN MOTORED 
ENGINES 
Semenov-(4) was the first to measure turbulence 
with a hot wire anemometer in a motored engine. He found 
that the flow during intake produced the velocity gradients 
which generated turbulence. The velocity and spatial 
velocity gradients during intake were found to vary greatly 
with location in the chamber, thus illustrating the jet 
nature of flow through the intake valve. Both intake jet 
and turbulent velocity at top centre of the compression 
stroke were found to be affected primarily by engine speed, 
but also accompanied by effects due to throttling and the 
value of the compression ratio. The measured velocities 
were found to vary from cycle to cycle. Semenov also 
found that the turbulent velocity remained relatively 
constant with time towards the end of compression and at 
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the beginning of expansion and that the turbulent para- 
meters did not vary greatly over different locations. 
Semenov estimated the integral scale to be 2 mm from his 
data. 
Matsuoka et al (10) found that the turbulent 
velocity varied from cycle to cycle and ranged from 0.3 
m sec-1 to 4m sec-' at 500 r. p. m. Induction gas velocities 
in cylinders have been measured also by Arnold et al (16). 
Winsor and Patterson (21) measured turbulent velocity in 
a CFR engine. They concluded that turbulence in the 
engine cylinder was isotropic and homogeneous, that it 
existed only at frequencies below 13 KHZ, and was unaffected 
by volumetric efficiency. The measured velocity variations 
were found to increase linearly with engine speed, and 
the decay of turbulence during compression and expansion 
was observed. 
Winsor (22) estimated an integral scale value of 
between 1.2 mm and 2.5 mm near compression top centre. 
Recently, Dent and Salama (12) have measured values of u' 
between 0.13 and 12 m see-' dependent on the crank angle, 
engine speed and throttle setting. They also measured 
values of integral scales of between 0.2 mm and 3.5 mm, 
dependent on the combustion chamber geometry and crank 
angle.. 
A most important consequence of the induced 
turbulence of the charge is the linear variation of turbulent 
velocity and mean velocity with engine speed, which is 
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independent of combustion chamber shape and inlet swirl 
(14). Thus the indicator diagrams and rates of pressure 
increase in terms of crank angle during combustion do not 
change significantly with speed. At the higher speeds, 
it becomes necessary to slightly advance the spark, but 
this is largely due to an increase in combustion time 
during the early stage of propagation only. 
It is revealing to identify the regime of burning 
in gasoline engines on Fig. 5.19, and to do this it is 
necessary to have accurate values of u' and L in motored 
engines. Comprehensive, reliable data are available in 
the recent hot wire anemometry studies of Lancaster (13) 
and Lancaster et al (23) and it is these data which were 
utilised. 
7.4 THE REGIME OF BURNING IN GASOLINE ENGINES 
Lancaster's work was carried out at the General 
Motors Laboratories at Warren, with a motored CFR engine. 
Readings were obtained over a range of engine speeds, 
volumetric efficiencies, and compression ratios with both 
shrouded and u nshrouded intake valves. Mean velocities, 
turbulent velocities, and integral scales of turbulence 
were computed. The turbulence near compression top centre 
was found to be isotropic, with values of both turbulent 
velocity and length scale determined by the intake process. 
Figures 7.2 to 7.5 are taken from Ref. 15 and 
show the effects of engine operating variables on turbulent 
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velocity and length scale. Figure 7.2 shows u' to increase 
linearly with engine speed. When the, intake pressure and 
density are reduced the flow velocities through the intake 
valve decrease along with the volumetric efficiency. One 
would expect that the turbulent velocity would increase as 
load increases and the throttle opens, as indeed is shown 
in Fig. 7.3. This effect is more marked for the shrouded 
valve. In this case the swirl decays more slowly than 
initially more randomised motion would decay and the amount 
of swirl, controlled by throttling, shows a greater 
dependence upon the throttling and hence upon the volumetric 
efficiency (14). 
The integral scale of turbulence in the axial 
direction, LX, was calculated from the measured integral 
time scale, Lt, by applying Eq. (3.10)., The variation of 
Lx with engine speed is shown in Fig. 7.4. For the 
unshrouded valve L. is almost independet of engine speed, 
but for the shrouded valve LX shows a decrease with speed. 
Figure 7.5 shows the integral scale to increase slightly 
with volumetric efficiency. 
In order to'plot these experimental points on 
Fig. 5.. 19, values of RL must be calculated. No measure- 
ments were reported for the integral scale in the radial 
direction, Ly. ' However, Dent and Salama (12) have suggested 
that the value of Ly should be half that of LX, as in 
isotropic flow systems (24). But at top centre there is 
almost no mean flow (4) and conditions may be approximated 
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as isotropic and uniform, as in the explosion vessel, and 
Ly equated to LX. 
Values of density, p, were calculated on the basis 
of compression of air according to the law PV 
1.35 
-a 
constant. Values of the dynamic viscosity, p, were taken 
from standard thermodynamic tables (25) for the corres- 
ponding temperature. Both v and u2 were evaluated for con- 
ditions of the unburnt charge, just prior to ignition at 
top centre. This represents the worst condition for flame 
propagation, as will be demonstrated. As the pressure and 
temperature of unburnt gas increase due to compression, 
the value of ui increases appreciably and it might be 
expected that an associated increase in u, /u' will cause 
the flame propagation to occur in a r6gime further removed 
from the flame quench limit shown in Fig. 5.21. 
The need for accurate values of u2, at high 
temperatures and pressures becomes apparent. So far, 
only limited data have been published on uL under engine- 
like conditions (26,27). The present calculations employ 
the values given by Lancaster et al' (23) for propane-air 
mixtures with an equivalence ratio, 0, of 0.8. Their 
computation for ut over a range of ý was based on the 
expression derived by De Soete and Brasselet (26) from 
the theoretical burning velocity expression proposed by 
Van Tiggelen (28). This equation accounts for the 
influences of temperature, pressure and charge dilution. 
The engine conditions are given in Table 7.1 and the 
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corresponding values of uZ, in Table 7.2. 
The results for both unshrouded and shrouded 
valves, in terms of the dimensionless parameters of 
Fig. 5.19, are given in Table 7.2 and are also shown 
graphically in Fig. 7.6, on which the characteristic curves 
of Fig. 5.19 have been drawn. It is demonstrated clearly 
that the shrouded valve increases the value of the turbu- 
lent burning velocity. 
It is of interest to attempt to ascertain whether 
the increase in ut/uX due to shrouding demonstrated by 
Fig. 7.6 is confirmed by engine tests. 
Lancaster et al (23) calculated the turbulent 
burning velocity for propane-air mixtures from a combustion 
heat release model which assumed spherical flame propagation 
and used measured values of cylinder pressures. Values of 
the measured ratio ut/u, obtained by Lancaster et al (23), 
for 4 equal to 0.8, are given in Table 7.3 for both 
shrouded and unshrouded valves. The corresponding values 
were derived from Fig. 7.6 and these are also given in 
Table 7.3. Also given is the ratio of ut/ui derived from 
Fig. 7.6 to that measured by Lancaster et al (23) for 
both cases. 
Table 7.3 shows that Fig. 7.6 always predicts 
values of ut/ui which are higher than. those measured. 
Possible explanations are that the turbulence at the 
measuring position was greater than that close to the 
233 
cylinder walls and the turbulent Reynolds number in the 
radial direction might be less than that in the axial 
direction, which was used to yield the value of RL. 
Figure 7.7 shows the effect of shrouding on tur- 
bulent burning velocity. In this figure the measured 
ratios of values of ut/u. for shrouded to unshrouded 
valves are compared with those derived from Fig. 7.6. 
7.5 LEAN BURNING IN AN ENGINE CYLINDER 
In order to identify where a typical operating 
regime might lie on Fig. 7.6, run 3 of Table 7.1, for the 
unshrouded valve case, was considered. The corresponding 
value of RZ is 1246, whilst the computed value of uR of 
Lancaster et al (23) for a stoichiometric propane-air 
1 
mixture, is 1.68 m sec-. The corresponding ratio of 
u2, /u' is 0.8 and the associated point is point 1 on Fig. 
7.6. The data of the figure give a value of ut/u, in the 
region of 4.45. 
Now, in weak running the value of uI might be halved 
(38) and if other conditions including the turbulence, 
are unchanged, for uR/u' equal to 0.4 the same value of 
RL gives a value of ut/u., of approximately 6.8. This is 
shown as point 2 on Fig. 7.6. If it is desired to maintain 
the same rate of burning with the weak mixture, the halving 
of uR necessitates a doubling of ut/uff to a value in the 
region of 8.9. This would maintain ut at the original 
value. Figure 7.6 shows that this must involve a decrease 
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in ui/u' to a value of 0.25, point 3 on the figure, and 
this entails an increase in u' of 60% above the original 
value. Thus sufficiently more turbulence must be gener- 
ated in order to maintain the same rate of burning with 
the weak mixture (29,30) and Table 7.2 shows it is possible 
to do this by shrouding the inlet valve. 
The various techniques that might be used to achieve 
this end are given in Section 7.2. The employment of 
sonic throttling intake valves has been shown to promote 
rapid, turbulent combustion of very weak mixtures (18). 
The turbulence generator used by Ma (19) extended the lean 
limit up to an air-fuel ratio of 20, with no loss in 
thermal efficiency and a significant reduction in exhaust 
emissions, especially NO. . 
Unfortunately, the effects of turbulence are not 
solely beneficial. Figure 4.15 shows that there is a 
narrowing of the limits of propagation as turbulence is 
increased. An increase in the turbulence in a lean mixture 
might also result in ignition failure. (19,31,37). Figure 
7.6 shows that point 3 is approaching the experimentally 
determined limit of flame propagation. Thus high levels 
of turbulence may not be entirely beneficial to lean 
mixture combustion because of ignition and flame prop- 
agation limitations. 
It is possible by charge stratification, with an 
easily ignitable mixture-at the spark, to facilitate 
ignition and burning up to a point where the increases in 
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pressure and temperature are suUticient to so increase 
uz that leaner burning becomes possible, ' away from the 
flame propagation limit. 
With regard to what are purely ignition problems, 
with some modifications to the spark plug it is possible 
to ignite weaker and more turbulent mixtures than those 
traditionally used. Increases in spark gap, spark gap 
projection and spark energy, all enable the lean limit to 
be extended, as a result of a reduction in quenching (32, 
33). They also lead, at a given equivalence ratio, to a 
reduction in hydrocarbon emission (34). An increase in 
spark duration extends the lean limit and reduces hydro- 
carbon emission (34). Changes in spark plug location 
might also (35,36) help to extend the lean operational 
limit of an engine. 
A pulsed plasma jet has been used as the ignition 
device by Topham et al. (39). These workers found signifi- 
cant increases in power output, fuel economy and lean 
operation limit. More recently Dale et al (40) used a 
repetitive pulsed laser ignition with a duration of 1p sec 
in a gasoline engine. They concluded that, laser ignition 
initiates a more rapid rate of pressure rise which results 
in more engine power and improved efficiency. The lean 
limit air-fuel ratio was extended from 20 to 23 and cyclic 
variations were reduced. 
236 
The experimental investigations with, the tulip 
(Chapter 4), show that it might be helpful to shield the 
spark gap from the full turbulence intensity, but thermal 
quenching must be avoided. 
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7.6 NOMENCLATURE 
L integral scale of turbulence 
Lx integral scale of turbulence in the axial direction 
Lt integral time scale 
Ly integral scale of turbulence in the radial direction 
P pressure 
u'L RL 
v 
R u'Lx 
v 
uk laminar burning velocity 
ut. turbulent burning velocity 
u' r. m. s. turbulent velocity 
V volume 
u dynamic viscosity 
v kinematic viscosity 
p density 
equivalence ratio = actual 
fuel-air ratio 
stoichiometric fuel-air ratio 
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CHAPTER 8 
CONCLUSIONS 
248 
1. A survey og experimental results for non,. xeActtng 
turbulent glow shoats a stmtla. r correlation between 
ey/v and either Re or Rep ' at the axis of pipes and 
parallel plate channel respectively, for mass, energy 
and momentum transXer. 
2. For isotropic turbulence a new relationship is proposed 
between L and N. 
3. Reference to non-reacting turbulent flows suggests a 
particular relationship between the turbulent transport 
number, cy/v., and turbulent Reynolds number, RLy. 
4. The use of hot wire anemometers in closed vessels, 
equipped with fans, to obtain turbulence characteristics 
revealed some practical problems. Limitations were 
revealed in three different techniques for the measure- 
ment of L, primarily because of problems arising from 
rectification of the signal by the hot wire. It is 
probable that all values are too low. A greater 
agreement in values of was obtained by the different 
techniques. There appear to be no problems in obtain- 
ing accurate values of u'. 
5. Turbulent combustion has been studied experimentally 
over a wide rdgime of uA/u' values. Correlations are 
shown of ut/uz with. ui/u' and 11 L. 
6. Not all previous experimenters have devoted sufficient 
attention to the determination of isothermal turbulence 
parameters. This has resulted in a lack of sufficient 
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parameters with which to correlate burning velocity 
results. However, an alternative method oX finding 
u' and L was adopted in cases where circular tube 
and flat slot burners have been employed. Experimental 
measurements of integral scale of turbulence and r. m. s. 
turbulent velocities in non-reacting flows in tubes and 
between plates were reviewed. Values of Ü and RL, 
with L measured in the transverse direction, were 
correlated with flow Reynolds numbers, Re and Rep . 
7. The limits of flammability for turbulent methane and 
hydrogen-air mixtures were determined. Limits were 
narrowed by an increase in turbulence, but were extended 
by an increase in spark energy and spark gap. A 
similar extension was observed when the flame was 
allowed first to-develop under the less turbulent 
conditions, in a shielded region, before emerging into 
the fully turbulent region. 
8. Theoretical support has been obtained for the use of the 
three dimensionless parameters employed in correlations 
of experimental values of turbulent burning velocity. 
The increasing importance of small eddy burning, as RL 
is increased and as ui/u' is decreased, becomes clear. 
9. Important refinements to the theory might include the 
generation of pdfs, as a function of mean reactedness, 
for chemical lifetimes and allowance for the changing 
turbulence through the reaction zone. 
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10. Theoretical data have been obtained for the variations 
in turbulent flame thickness. 
11. Two theoretical analyses have been employed to obtain 
the ratio ut/ux . In the first approach, laminar 
flame propagation across a vortex tube was envisaged, 
whilst in the second the concept of a reaction time in 
the vortex tube was used. The former would appear to 
be more valid in the regime where n» d1, , whilst 
the latter probably is more valid where the laminar 
flame thickness and Kolmogorov microscale become 
comparable, or when the former is greater than the latter. 
12. In the first approach, the theoretical values of ut/uz 
were obtained on the bases of experimentally determined 
values of intermittency factors, YL and yn . In the 
second approach a volume fraction obtained from available 
theories of turbulence was employed. 
13. Values of ut/u, are particularly sensitive to the 
value of intermittency factor of the small eddies but 
less so to the value of the factor for large eddies. 
14. The experimental measurements of the intermittency 
factors, show the ratio yTj/YL to increase as ßL 
increases, whilst the theoretical predictions of the 
fractional volume occupied by the dissipative eddies, 
show it to decrease as RL increases. 
15. The use of measured values of intermittencies is not 
satisfactory in a theoretical analysis and in this 
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regard the second approach is preferable. The 
present limited understanding of the physical nature og 
turbulence creates problems in assigning an accurate 
value for the volume fraction occupied by the dissipative 
eddies. Some adjustment of theoretical values for this 
was necessary to obtain harmony of theory and experiment. 
16. Agreement between the theoretical values of ut/ux 
obtained by the second approach and experimental 
measurements is satisfactory. This approach seems to 
hold more promise than the first one but the theory is 
capable of further improvement and more experimental 
studies are required. 
17. Theoretical data have been obtained for the variations 
in number density of dissipative eddies. This is in 
accord with experimental measurements. 
18. Ignition and flame propagation would be expected to 
become more difficult as the theoretical ratios TcR/Tdn 
and at/L increase. The experimentally measured 
flammability limits are in accord with this and suggest, 
for highly turbulent flames, that the limit occurs at 
Tcn ti Tdn . 
19. Comparison of experimental flame propagation limits, and 
associated flame kernel sizes, with corresponding 
theoretical values of at/L , suggests that, for highly 
turbulent flames, a kernel quenches when its diameter 
is less than approxinately four times the flame thickness. 
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20. More data are required on the unburnt gas turbulent 
parameters in practical combustors. A knowledge of 
the value of ui/u' and RL in a combustor is 
valuable in ascertaining practical combustion perform- 
ance. In the case of lean burning in gasoline engines, 
it is necessary to generate more turbulence to maintain 
the same rate of burning in the weak mixture as in the 
conventional mixture. But high levels of turbulence 
may not be entirely beneficial to lean mixture 
combustion because of ignition and flame flammability 
limitations. 
21. It is possible by charge stratificatdon, with an easily 
ignitable mixture at the spark, to facilitate ignition 
and burning up to a point where the increases of pressure 
and temperature are sufficent to so increase uR that 
leaner burning becomes possible. 
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APPENDIX 1 
THE MIXTURES PROGRAMME 
A1.1 DETERMINATION OF THE PROPERTIES OF A MIXTURE FROM 
THOSE OF INDIVIDUAL CONSTITUENTS 
This programme was developed by Draper (1), but it 
was decided to include a brief description of it for 
completeness. However, a more complete description is 
given in Refl. 
Any homogeneous mixture of gases can be regarded as 
a single substance if the constituents do not react 
chemically with one another and are in a fixed proportion 
by weight. The properties of such a mixture can then be 
determined as follows: 
A1.1.1 Density 
At any temperature and pressure, the density, pm 
of the mixture was obtained from: 
i=s 
Pm E pi (A1.1) 
i=1 
where pi is the density of the constituent, i, and is 
given by: 
Pi = Tß 
pp 
XiMi (A1.2) 
i TR 
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where P is the pressure of the mixture 
T is the temperature of the mixture 
is the universal gas constant 
x1 is the mole fraction of constituent j 
Mi is the molecular weight of constituent I 
and s is the number of constituents in a mixture. 
Substitution for pi in Eq. (A1.1) gives; 
i=s 
pm =PE xiMi (A1.3) 
TA i=1 
A1.1.2 Specific Heat 
At any temperature and'1 atmosphere, the specific heat, 
Cp , is given by: 
M 
i=s 
CE mi Cp (A1.4) PM 1=1 i 
Cpi is the specific heat of constituent i 
and mi is the mass fraction of constituent i, and is 
given by: 
mi = i=s (A1.5) 
E xiMi 
1=1 
i=s 
iEl 
xiMiCpi 
(A1.6) That is Cp =i 
mss mx Mi 
1=1 
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A1.1.3 Viscosity 
At any temperature, the viscosity of a mixture, um 
is given by Wilke (2) as being: 
1=s 
um 
1=1 1 j=s 
(A1.7) 
1+ZX 
X jij i j=1 
j+i 
where 4ý ij is given by equation: 
E1 + (Pi/pi )1 (14 /Mi)t] 2 
tj 
(8) [1 + (Mi/Mý)] 
where pi and uj are viscosities of pure components. 
A1.1.4 Thermal Conductivity 
At any temperature, the thermal conductivity of the 
mixture, km , is given by Mason and Saxena (3) as being; 
i=s k Ei 
i=1 1 j=s 
(A1.9) 
1+ 
j= X 
E1 XJGij 
j+i 
where Gij is given by the equation: 
MuMimIZ 
G1 _1 
065 [l + Mi 
- E1 + (ý )()a (Al. 10) 
() 33 
Equation (A1.10) may be written as: 
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1.1 2G1.065 El + 
1.04 
1 
/M 
i (A1.11) 
ib C8) E1 + CMi/Miq 
Comparison of Eqs. (A1.8) and (A1.11) shows that: 
Gi3 = 1.065ýii (A1.12) 
On substituting for Gij in Eq. (A1.9), km then becomes: 
i=s k 
km _Ei J=S (A1,13) i=1 1+1.065 Xi j&i Xj 0i3 
j+i 
A1.2 BRIEF DESCRIPTION OF THE PROGRAMME 
The. programme, named MIXTURES, was written to obtain 
the density (Kgm 3), specific heat at constant pressure 
(J Kg l oK-1), viscosity (N s m2), thermal conductivity 
(J m-1 s-1 oK-1), enthalpy (J kg mole-l) and entropy 
(J Kg mole-l oK-1) of any gas mixture from the equations 
given in A1.1 at atmospheric pressure. These values were 
determined at different temperatures. The input data are 
in a convenient form, and require little knowledge of the 
programme operation. A four figure table is produced for 
the required property in 10°K increments. The operator 
may select which properties are to be calculated. The data 
for pure gases were obtained from Svehla (4). 
The mixture properties are given the code numbers: 
.1 
for density, 2 for specific heat at constant pressure, 
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3 for viscosity, 4 for absolute enthalpy and 5 for 
entropy. 
A1.2.1 Language 
Algol 60. 
A1.2.2 Input Data 
The data to be read into the programme are as follows: 
(1) The number of gas components present. 
(2) The number of gas components required. 
(3) The pressure of the mixture in atmosphere. 
(4) The code numbers of mixture properties required 
(as set out in the description above). 
(5) The volume percentage of each gas component. 
A1.2.3 Output Data 
The output is in the form of tables resembling 
normal four figure mathematical tables, with a difference 
column. The tables are mainly self-descriptive, the title 
and units being putputed prior to the main table. 
The keywords in the output are: PROPERTIES OF MIXTURE, 
MOLECULAR WEIGHT OF MIXTURE, DENSITY, VISCOSITY, THERMAL 
CONDUCTIVITY, SPECIFIC HEAT, ABSOLUTE ENTHALPY and ENTROPY. 
A1.2.4 The contents of MIXDATA File 
The coefficients of the various polynomials used to 
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fit the properties of each gas can be accessed by listing 
the datafile MIXDATA. 
These polynomials were either obtained from Prothero 
(5) and Watson (6) or fitted from Svehla (4). 
A1.2.5 Modification to MIXDATA 
Should a chemical compound be presented to the 
programme which does not occur in its "library" of compounds 
at the beginning of the MIXDATA file, the message 
CHEMICAL SYMBOL NOT IN LIBRARY OF COMPOUNDS 
is printed on the output from the programme, and the 
programme is terminated. Should the information for this 
mixture still be required, the file can easily be modified 
if the tabulated data are available for that component. 
To help the user, a short programme and macro command 
has been written which will take in the raw data and convert 
it into a series of polynomials, followed by their inclusion 
in MIXDATA, so that all the user does is present the 
commands 
JOB INMOD,: MEICOMB 
IN MODATA, T££££(TG : MANGER ALL) 
the data 
££££ 
GASMACRO 
This will prepare the programme for use with the "unknown" 
gas. 
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A1.5 NOMENCLATURE 
Cp specific heat at constant pressure 
k thermal conductivity 
m mass fraction 
M molecular weight 
P pressure 
R universal gas constant 
s number of constituents in a mixture 
T temperature 
x mole fraction 
11 viscosity 
p density 
Subscripts 
m mixture 
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APPENDIX 2 
TURBULENT TRANSPORT NUMBER AND 
TURBULENT REYNOLDS NUMBER AT 
DIFFERENT RADII FOR PIPE: FLOW 
In Chapter 2, a relationship was proposed between 
turbulent transport number, e/v, and turbulent Reynolds 
number, RL, for isotropic turbulence. This is given by 
Eq. (2.20) which was derived from available measurements of 
turbulent diffusivity and turbulent parameters at pipe 
centrelines, where flow is considered to be isotropic. This 
relationship was applied in Chapter 5 at half radius. In 
this appendix a justification for this is demonstrated and 
the validity of Eq. (2.20) is examined away from the centre- 
line. 
A2.1 DESCRIPTION OF THE PROGRAMME 
The programme, named NORRL, was written to obtain 
the variation of c/v with RL at different radius ratios, 
(a = r/R), between 0 and 0.9. The procedure used is similar 
to that used in Chapter 2 to obtain Eq. (2.20), in which 
Richardt's expression, Eq. (2.3), was used for the relation 
between c/v and Re at different radius ratio. 
A literature survey for the measurements of 
turbulent parameters in pipes shows that some workers (1-4) 
used the hot wire anemometer for measuring r. m. s. turbulent 
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velocity in all the three directions at different radius 
ratios. These were made for values of Re in the range 
5 
0.5 x 10 < Re <5x 105 
Powe et al (5) have more recently used hot wire 
anemometry' in measurements of the integral scale of 
turbulence, for all three directions for a flow of air in 
a pipe. These were made at different radius ratios for a 
value o: ý Re of 1.65 x 105 only. Other workers (6,7) 
measured integral length scales for all three directions 
at different values of Re but only at the pipe axis, 
whilst Mickelsen (8) and Lawn (3) measured the Taylor 
microscale, , from which 
integral scales were obtained 
from Eq. (2.16). Since not all measurements include the 
variation of length scales with pipe radius ratio, apart 
from those reported in Ref. 5, it was assumed that the raio 
of any length scale at a fixed position to that at the pipe 
centreline is independent of Re and was taken to be the same 
as that reported in Ref. 5. 
These measurements enable RL, at a given position, 
to be calculated at different values of Re . From the 
combination of these with Eq. (2.30), it was possible to relate 
c/v with RL at different radius ratio. Turbulent 
Reynolds numbers based on different parameters could be 
introduced. The programme gives a plot of the normalised 
turbulent transport number, obtained by dividing the turbulent 
transport number at a given position by that at the centre- 
line, against RL for radius ratios between 0 and 0.9 at 
intervales of 0.1. 
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A2.1.1 Language 
Algol 60. 
A2.1.. 2 input Data 
The programme uses a permanent input file, in 
which r. m. s. turbulent velocity and integral length scales 
for the three coordinates at different values of Re and 
radius ratios between 0 and 0.9, at 0.1 intervals, are 
stored. The file may be listed if these values are 
required for use in any other programme or if more data 
need to be added. 
The file, identified by the name DFRL, ' is ordered 
in a form which is convenient for reading both by computer 
and by eye. The first 10 lines are a list of r. m. s. 
turbulent velocity in the x-direction, u'. Each line 
represents a certain radius ratio, in which the first line 
represents the centreline (r/R=0) and line number 10 
represents the position r/R: 0.9. Similarly, lines 11 to 
20 are a list of r. m. s. turbulent velocity in the y- 
direction, v', and lines 21 to 30 are a list of r. m. s. 
turbulent velocity in the z-direction, w'. 
Lines 31 and 32 of the file are a list of L x 
values obtained from Ref. 5, for Re values of 1.65 x 105 and 
for r/R ranging between 0 and 0.9 at 0.1 intervals. 
Similarly, lines 33 and 34 give Ly and lines 35 and 36 give 
L. Lines 37 and 38 list integral length scales in the 
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x-direction at the centreline of the pipe, Lxc for fourteen 
different values of Re in the range 0.23 x 105 to 
6.478 x 105. Similarly, lines 39 and 40 list Ly'c and 
lines 41 and 42 list Lzc . With a value of kinematic 
viscosity, v, of 1.568 x 10-5 , values of RL were 
calculated by the programme. 
A2.1.3 'Output Data 
Figure A2.1 shows an output from computer plot 
graphs in which RL is defined as u'Ly/v , whilst 
Fig. A2.2 is for RL based on the total kinetic energy, 
given by Eq. (2.22), as _L (u42+v, 
2+w, 2) Ly/v Both 
figures show that Eq. (2.20) is reasonably valid away from 
the pipe centreline up to a radius ratio of O. S. As the 
radius ratio increases, Eq. (2.20) becomes less valid and 
this is probably not surprising because of the development 
of boundary layers close to the pipe internal surface. 
The following expressions for RL were used and 
the correlation with c/v examined: 
v'L 
Ca) RL - __ý 
ýbý RL =1 (uºz+v. º2+wº2) J 
CL +L +L ) 
Cý) L^1 (u, 
2+v, 2+w, 2) xy2 
3v 
1/3 
Cd) R=1 Cute+Vt2+W 2) 
ýXýLYýLZ 
Lrv 
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v'(LX+Ly+Lz) 
fie) RL 
3v 
V'(LX. Ly"LZ)1/3 
if) RL - 
v 
v'LX 
Cg) RL = 
v 
u'L 
Ch1 RL -- 
ýI'V#) (LX'Ly) RL 
(u'"v'"w')1/3 (LX0LY0LZ)1/3 (j) RL- 
No better correlations were obtained than those given by 
cases (a) and (b) and shown in Figs. A2.1 and A2.2, 
respectively. Accordingly, a correlation based on a 
turbulent Reynolds number defined by (a) is recommended. 
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A2.4 -NOMENCLATURE 
a pipe radius ratio, Eq. (2,3) 
L integral scale of turbulence* 
r radius 
R pipe radius 
Re pipe flow Reynolds number 
RL turbulent Reynolds number based on integral scale, L 
u' x. m. s. turbulent axial velocity 
v' r. m. s. turbulent radial velocity 
w' r. m. s. turbulent velocity in third orthogonal direction 
e turbulent diffusivity 
Taylor microscale of turbulence 
kinematic viscosity 
e/v turbulent transport number 
Subscripts 
x axial direction 
y radial direction 
z third orthogonal direction 
c pipe centreline 
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"There are more questions than answers, 
And the more I find out the less I know" 
Pop Song (1972) 
